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Abstract 

Basin-Scale Mineral and Fluid Processes at a Platform Margin, 

Lower Carboniferous, UK 

Catherine Jane Breislin, Degree of Doctor of Philosophy (PhD), University of Manchester, 2018 

Late diagenetic, fault-controlled dolomitisation has received much interest as it is an important host 

for MVT-mineralisation and hydrocarbons, and an excellent proxy for fluid flow and reaction in 

carbonate systems. The source of fluids of sufficient volume and the correct chemistry to explain the 

volume of dolostone is much debated. Recent work has shown how seawater convection along deep-

seated crustal lineaments is focused in zones of structural complexity.  Since dolomitisation is 

favoured where there is a precursor high magnesium calcite or dolostone, it is possible that such a 

process is a critical precursor to the formation of these late diagenetic dolostones from evolved brines 

during extension and transpression. In the Pennine Basin and North Wales, UK, late diagenetic 

fault/fracture controlled dolostones developed on the margins of Mississippian carbonate platforms 

that grew on the rotated footwalls of normal faults and a basement of Lower Palaeozoic 

metasediments. Conceptual models for their formation focus on expulsion of fluids from 

Serphukovian-Bashkirian sediments within adjacent hanging wall basins, by compactional dewatering 

or rupture of overpressured compartments and seismic pumping. This project aims to determine the 

source, composition and drive mechanism of fluids that formed a large (~60km2), non-stratabound 

dolostone body exposed within the Viséan sediments on the southern margin of the Derbyshire 

Platform, through a combined regional sedimentological, diagenetic and structural framework using 

multiscale, interdisciplinary techniques. Techniques include field observation, transmitted light and CL 

analysis, bulk major and trace element analysis including rare earth elements, stable isotope 

(oxygen/carbon), and strontium isotope analysis.  The Derbyshire Platform underwent burial, several 

episodes of fluid-flow, and multiple phases of diagenetic overprinting. The products of fluid circulation 

in this area consist of dolomitisation and Mississippi Valley-type (MVT) mineralisation, affecting the 

carbonates of the Lower Carboniferous (Viséan) succession.  

Dolomitisation on the Derbyshire Platform is aligned to deep-seated basement faults and extrusive, 

intraformational volcanic beds, and five dolostone phases have been identified. These are present as 

matrix replacive and cement phases that are spatially and temporally related to deep seated 

structural lineaments.  It is proposed that stratabound, early post-rift dolomitisation resulted from the 

geothermal convection of a mixed meteoric-seawater that interacted with the Viséan extrusive and 

intrusive volcanics on the Derbyshire Platform, providing additional magnesium for dolomitisation. 

This previously undescribed model of dolomitisation is key to explaining the anomalously large 
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quantity of dolomitisation observed on the Derbyshire Platform and has implications to other 

carbonate platforms where dolomitisation is interpreted as fault-controlled.  

Subsequent phases of dolomitisation are fault-controlled, with each phase becoming increasingly 

confined to fractures. Timing of dolomitisation is interpreted to be a Carboniferous event, with later 

mineralisation also being of late Carboniferous in age, with basin de-watering on to the platform via 

faults/fracture systems and the development of pockets of overpressuring. Illite-smectite clay 

transformations within Viséan basinal sediments provided the necessary magnesium required within 

select fault/fracture systems. Consequently, burial calcite cements and MVT mineralisation was 

precipitated within fractures and dissolution-enhanced secondary porosity, with fluids derived from 

the overlying Namurian succession which also acted as the seal.  

This project provides a step-change in our ability to predict the location of late diagenetic 

fault/fracture controlled dolomitisation in rift basins by demonstrating the importance of 

dolomitisation by mixed meteoric-seawater on platform margins to the localisation of late diagenetic 

dolostone bodies.  It also highlights the complex interplay between basin kinematics, host rock 

permeability and timing of fluid supply through episodic fault reactivation, connecting platforms to 

basin compartments, which ultimately controlled the positioning of dolostone geobodies on platform 

margins. This has implications to the exploration of both minerals and hydrocarbon within dolostone 

hosts, and will inform studies of fluid transfer and reaction in carbonate systems.  
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Chapter 1: Introduction 

 

1.1  Introduction 

Fault-controlled dolomitisation has been well studied (e.g. Davies and Smith, 2006) and has been 

described in various localities in the Pennine Basin and North Wales (Gawthorpe, 1987; Hollis and 

Walkden, 2012; Juerges 2013).  Carbonate sedimentation on the Derbyshire Platform was established 

in a back-arc extensional regime in the Lower Carboniferous (Mississippian).  In the SE area of the 

platform, 50km2 of Lower Carboniferous (Viséan) limestones have been dolomitized, forming two 

major bodies and has an apparent association with major basement lineaments and volcanics. The 

onset of compressional tectonics associated with the Variscan Orogeny resulted in multiple phases of 

fault/fracture controlled calcite cementation and Pb-Zn-F-Ba mineralization (Hollis and Walkden, 

2002). There is uncertainty as to the timing of dolomitisation; however it is known to predate 

mineralisation. Further uncertainty lies in why the dolomitisation is localised to the southern platform 

margin, and it is not clear why it is where it is. Modelling by Frazer et al (2014) calculated the volume 

of fluid that could have been supplied to the Derbyshire Platform in response to the release of this 

overpressure. If there was geothermal convection prior to and during early burial, this could have 

focused the position of the dolostone bodies. A further question to answer would be was there then 

overprinting by compactionally driven fluids prior to mineralisation? However the mass balance 

calculation shows that there is insufficient Mg within the basins to precipitate the volume of 

dolostone on the platform, even though the fluid volume could have been supplied by compactionally 

driven flow. To further test this model, geological evidence needs to be put in place.  

 

The starting hypothesis for this thesis is that the source of the fluids responsible for dolomitisation 

were basinal brines carrying hydrocarbons and mineralizing fluids derived from the subsiding 

Widmerpool Basin (Frazer et al., 2012; Hollis and Walkden, 2013). It is also possible that the flux of 

basinal brines was preceded by partial dolomitisation of the Derbyshire Platform by geothermal 

convection of seawater (Fraser, 2014).  

 

Demonstration of a feedback mechanism between these processes has the potential to inform 

arguments that favour mass fluid transfer during burial diagenesis. Proof of mass fluid flux from the 

basin to the platform has implications to exploration and production of conventional and 

unconventional oil and gas reserves, and models of mineralisation.  
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New insights provided into the processes by which fault/fracture controlled dolomitisation took place 

prior to mineralisation will have wide applicability to hydrocarbon and mineral exploration in 

platforms that have undergone hydrothermal dolomitisation. 

1.1  Aims and Objectives 

The aim of the project is to assess the processes governing the location and style of dolomitisation on 

the Derbyshire Platform.  In particular, it will consider fluid source and controls on the localisation of 

dolomitisation. 

In order to achieve these aims, techniques employed in this study include: 

¶ Undertake field mapping to map the distribution of dolostone including the dolostone-

limestone transition 

¶ Core logging of boreholes on the Derbyshire Platform and Widmerpool Basin, including 300m 

of new borehole material from Carsington Pastures  

¶ Combined petrographical analysis (thin sections, cathodoluminesence) on samples collected 

from both the field and core to establish the style of dolomitisation and the number of 

apparent dolomitising events (ie. paragenetic history) 

¶ Low temperature geochemistry (X-ray diffraction, X-ray fluorescence, stable isotopes, 

strontium isotope analysis, fluid inclusion analysis) on samples collected from both the field 

and core to establish the relative timing and temperatures of fluid flow resulting in 

dolomitisation and associated dissolution and mineralisation (lead-zinc-fluorite-baryte, calcite 

and silica).   

1.2  Thesis structure 

This thesis is presented as primarily journal papers with complimentary chapters. Journal-style 

chapters are intended to be self-contained, with their own introductions, literature reviews, methods, 

results and discussions. Due to the nature of the thesis some repetition is unavoidable. Where papers 

are presented with multiple authors it should be clarified that I was responsible for the bulk of the 

data collection, processing and writing. The co-authors primarily contributed through field assistance, 

data collection, supervisory guidance and editorial review. The following paragraphs detail the 

structure of the thesis: 

Part One: Introductory Materials 

Chapter 2:  Literature Review - This includes published data for the UK but more specifically the North 

Wale, Derbyshire and Askrigg Platforms discussed in this study. 
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Chapter 3: Methodology - This contains an overview of the methodologies and techniques used 

throughout this study, including fieldwork, petrographic, petrophysical and geochemical techniques. 

 

Part Two: Original Contributions  

Chapter 4: A New Model of Dolomitization: Providing an Answer to Mg Deficits within Rift Settings ς 

presents field, petrographic, geochemical and isotopic analysis of the early formed phase of 

dolomitisation on the Derbyshire Platform, as well as integrating PHREEQC models. This chapter 

describes a new method of dolomitisation and provides an insight into the role of volcanism on early 

dolomitisation in rift settings. 

 

Chapter 5:  Controls on the Localisation of Fault/Fracture Controlled Dolomitization - presents 

multiscale field, petrographic, geochemical and isotopic analysis of the dolostone from the southern 

margin of the Derbyshire Platform. This chapter characterises the burial phases of dolostone and 

further constrains the paragenesis. In addition, the geochemical and isotopic analyses provide 

important information regarding the composition and source of the fluids responsible. 

 

Chapter 6:  Geochemical Variations in Footwall and Hanging Wall Diagenesis ς presents core, 

petrographic, geochemical and isotopic analysis of the dolostone from the Widmerpool Basin. This 

chapter presents a combined analysis and reconstruction of the diagenetic fluid flow between the 

Widmerpool Basin and Derbyshire Platform, and subsequent impact on fluid composition. The data 

also provides important information on fluid flow and fluid-flow pathways. 

 

Part Three: Synthesis and Conclusions 

Chapter 7: Synthesis and Conclusions - reconstructing the burial diagenetic history of the Derbyshire 

Platform draws together the data presented within the previous chapters. A schematic model of fluid 

migration and timing on the Derbyshire Platform and Widmerpool Basin is presented and discussed 

within an updated diagenetic framework. Finally, the wider implications and recommendations for 

further work are discussed. 
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Chapter 2: Literature Review 
 

2.1 Introduction 

The East-Midlands Platform developed upon a stable tectonic block surrounded by rapidly subsiding 

basins (Fraser & Gawthorpe, 2003); Edale Basin and Gainsborough Trough to the north, with the 

Widmerpool Basin and Staffordshire Basin to the south and west sides respectively (Fig.2.1). Co-

development of these basins is interpreted as a vital component of the diagenetic history within the 

Derbyshire East Midlands Platform carbonates (Walkden & Williams 1991; Ford & Quirk, 1995; Hollis 

& Walkden, 1996 & 2002). This diagenetic history of the platform progressed through four major 

mineral cementing phases (to be detailed in following chapters) as well as a complex hydrocarbon 

migration which developed as the platform transitioned from meteoric to burial diagenesis (Hollis, 

2002).  

 

Fig 2.1. Tectono-stratigraphy for the Mississippian of Southern Britain, after Fraser & Gawthorpe 
(2013); BH- Bowland High; BT- Bowland Trough; CLH- Central Lancashire High; DF- Dent Fault; DP- 
Derbyshire Platform; FHF- Flamborough Head Fault; GT- Gainsborough Trough; HdB- Huddersfield 
Basin; HB- Humber Basin; LDH- Lake District High; MCF- Morley-Campsall Fault; MH- Manx High; NCF- 
North Craven Fault; PF- Pennine Fault; SF- Stublick Fault; WG- Widmerpool Gulf. 
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The East Midland Platform is composed of a thick succession of shallow marine carbonates varying in 

thickness from 500-1900m, forming the westernmost expression of the platform outcrop within the 

Derbyshire Peak District (Fraser & Gawthorpe, 2003). This succession is extensive, underlying much of 

eastern England, from Buxton in the west, Skegness in the East, and offshore into the North Sea 

(Walkden & Williams, 1991) (Fig.2.1). On the Derbyshire Platform there are two major occurrences of 

dolostone; Holkerian (339-337.5Ma), Woo Dale dolostones in the North of the Platform and Asbian-

Brigantian (337.5-326 Ma) dolostones of the southern Derbyshire Platform (Schofield & Adams 1986). 

Despite the Asbian-Brigantian dolostones covering an area of approximately 50km2, literature on their 

characteristics and formation is sparse. This review will focus on platform development and the 

paragenetic history of the platform so far reviewed. 

 

2.1.1 Carboniferous Paleogeography 

During the Dinantian, regional extension formed the major control on syn-rift sedimentation within 

the Pennine Basin, with pre-existing Caledonian trending NE-SW, SW-NE faults reactivated during 

back-arc extension and the subduction of the Rheic Ocean (Fraser & Gawthorpe, 2003). Extension 

waned during the Namurian, leading to post-rift sag subsidence (Leeder, 1988), and initiation of the 

Variscan orogenic compression in the Late Carboniferous. The Variscan Orogeny ultimately invoked 

basin-inversion by reactivation of NW-SE trending faults with a component of strike-slip (Fraser & 

Gawthorpe, 2003). The resulting product of tectonic activity followed by the regional thermal sag 

resulted in a disjointed sedimentation history of the basin (Gawthorpe, 1986, 1987; Gawthorpe et al., 

1989). 

During the Dinantian in the Pennine Basin, carbonate platform development occurred on a footwall 

block of Lower Palaeozoic basement (Fraser & Gawthorpe, 2003). The surrounding rapidly subsiding 

basins accumulated thick, syn-rift sequences of deep marine shales and thin limestone, later 

progressing to shales and sands towards the Namurian. The greatest accumulation of basinal deposits 

occurred against major bounding faults, producing the wedge shaped geometry of tectonically 

controlled deposits (Ebdon, 1990; Fraser & Gawthorpe, 2003). During periods of tectonic quiescence 

clastic input to the system was reduced resulting in increased carbonate production. 
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2.2 The Derbyshire Platform: Tectono-Stratigraphic Evolution 

2.2.1 Tectono-Stratigraphic Framework  

The sequence stratigraphic framework for the Carboniferous of the Pennine Basin was developed by 

Ebdon (1990) and Fraser and Gawthorpe (2003). Each individual unit describes the range of 

sedimentation within the specified chronostratigraphic framework, related to eustatic cycles. The end 

of the EC units was marked by a minor basin inversion event. Subsequent sedimentation within the 

LC1 and LC2 units was predominantly controlled by thermal sag after regional extension and related 

volcanism had ceased (Ebdon, 1990; Fraser & Gawthorpe, 2003). 

2.2.2 Pre-Carboniferous   

The Caledonian Orogeny provided the base structural framework for the Pennine Basin (Leeder 1987; 

Bott 1976; Soper et al. 1987; Coward, Frazser & Gawthorpe, 1990). During the Caledonian Orogeny a 

three plate configuration (Andre et al. 1986; Soper & Hutton 1984; Pharoah et al. 1987) led to the 

Midlands Micro-craton forming a northwards moving indentor that collided with Laurentia during the 

early Palaeozoic (Fraser & Gawthorpe 2003). Half-graben precursors of the Northumberland-Solway, 

Stainmore, Bowland, Cleveland, Edale, Gainsborogh and Widmerpool Basins were formed by rifting 

during the late Devonian (Frasnian-Fammenian) when N-S extension acted along a series of NW-SE 

and NE-SW trending faults (Frazser & Gawthorpe, 1990). Pulsed rifting continued in northern England 

into the early Brigantian (Fraser et al. 1990). 

2.2.3 Carboniferous  

Ramsbottom (1973) recognized cyclicity within the Lower Carboniferous, which was used to form the 

stratigraphic framework of the Derbyshire Platform (Fig.2.2). Within the Dinantian of the Derbyshire 

Platform, six eustatic cycles are recognized based on biostratigraphy and seismic character. Sea-level 

changes were tectonically controlled by phases of back-arc rifting (Bott & Johnson, 1967 and 

Gawthorpe et al., 1989), however its timing is hard to constrain (Ebdon et al., 1990). Four main syn-

rift sedimentation phases were identified by Gawthorpe et al 1989 (Fig.2.2): 
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Fig.2.2 Summary of the Lithostratigraphy of the Derbyshire Platform shelf and slope deposits (modified 
from Waters et al. 2009), showing lithostratigraphy (after Gawthorpe 1986; Riley 1990; Aitkenhead et 
al. 1992) and seismic stratigraphy (after Fraser & Gawthorpe 2003). 
 

(1) Late Devonian/ Early Courceyan,  

(2) Late Chadian/ Early Arundian,  

(3) Mid-Late Asbian and  
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(4) Brigantian (Ebdon et al,1990).  

 Between these extensional phases, the region was tectonically quiescent. 

EC1 

Late Devonian to Courceyan (365-350Ma) (Fig.2.2), EC1 is composed predominantly of basinal 

sediments that overlie Precambrian basement (Fraser & Gawthorpe 2003). Unit thickness increases 

towards major bounding faults, indicating the onset of extensional faulting. Lithologies included, 

conglomeritic sandstone, interpreted to be an alluvial fan deposit. (Fraser and Gawthorpe (2003). The 

top of EC1 represents a marine transgression, with EC2 deposits of onlapped marine carbonates 

interpreted as sea-level highstand. Evidence for this are the evaporite deposits, recording a restricted 

environment during late EC1 (Fraser & Gawthorpe 2003). 

EC2 

Late Courceyan to Chadian (350 to 341 Ma) (Fig.2.2), EC2 forms the oldest carbonate sequence of the 

East Midlands Platform and surrounding basins (Strank, 1987). The unit is composed of shelf 

limestones in the lower unit (Llewellin & Stabbins 1970) and carbonate grainstones in the upper unit. 

The upper unit represents a shelf margin setting (Ebdon, 1990). Unit thicknesses is roughly constant 

across major fault boundaries, and therefore EC2 is seen as a period of tectonic quiescence.  

Waulsortian mud mounds, dated as Courceyan (Bridges & Chapman, 1988) are developed to the 

southwest of the Derbyshire carbonate platform. Since these mounds are interpreted to be deeper 

water, this is perhaps the first indication of ramp to shelf evolution (Fraser & Gawthorpe 2003). The 

depositional environment for EC2 is interpreted as an aggrading to prograding carbonate ramp-to-

rimmed shelf system, representing a period of relative sea-level standstill to regression (Ebdon, 1990). 

EC3 

Late Chadian-Arundian (341 to 339Ma) to Holkerian (339 To 337.5 Ma) (Fig.2.2), EC3 is composed of a 

series of calcareous, carbonaceous, pyritic, dark grey mudstones, thinly interbedded with grey 

dolomitic limestones (Fraser & Gawthorpe, 2003) demonstrating broad lithological homogeneity 

(Ebdon, 1990; Fraser & Gawthorpe, 2003). During the E3, a sea level maxima is evidenced by an 

Arundian-aged, shale horizon which drapes shelf limestone (Ebdon, 1990; Fraser & Gawthorpe, 2003).  

EC4 

Late Holkerian to mid-Asbian (337.5 to 333Ma) (Fig.2.2) was a period of tectonic quiescence, and 

relative sea-level fall or standstill. High amplitude seismic reflectors and downlapping surfaces suggest 

increased sediment supply to the Widmerpool Basin (Fraser & Gawthorpe 2003). These structures are 

interpreted as prograding shelf margin deposits (Ebdon, 1990; Fraser & Gawthorpe, 2003). This is 

consistent with highstand shedding and/or platform progradation (Ebdon, 1990; Fraser & Gawthorpe, 
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2003). Shelf limestones are identified on the Derbyshire Platform (Fraser & Gawthorpe, 2003) and 

marginal deposits of Asbian age outcrop at Castleton on the northern margin of the Derbyshire 

Platform. 

EC5 

Late Asbian-early Brigantian (333 to 330Ma) (Fig.2.2) represents a period of extension (Gawthorpe, 

1986; 1987), evidence by unit thickening towards basin-bounding faults. Extrusive volcanics; 

principally basaltic lavas, were erupted across large areas of the Derbyshire Platform during this 

period of extension (Macdonald et al., 1984), which coincided with periods of platform emergence 

and karstification (Walkden, 1977; Gutteridge, 1987). 

EC5 basinal deposits are composed of predominantly calcareous muds and thin dolomitic limestones 

(borehole evidence from Fraser & Gawthorpe 2003), whilst outcrop on the Derbyshire platform 

presents shallow marine shelf limestones. Carbonate production on platforms was likely limited due 

to their emergence or inundation of muds during the Asbian-Brigantian boundary (Ebdon, 1990; 

Fraser & Gawthorpe, 2003). Sedimentation within the Widmerpool Basin is thought to have initially 

been derived from slumps and slides basinwards from the Derbyshire platform and Hathern Shelf (to 

the south).  

EC6 

Early to mid-Brigantian (330 to 328Ma) (Fig.2.2), EC6 is composed of a series of thinly bedded, dark 

grey, calcareous mudstones and brown dolomitic muddy limestones within the Widmerpool Basin 

(Ebdon, 1990). On the Derbyshire Platform, sea level rise meant that carbonate production was re-

established forming shelf carbonates, with grainstone margins. Progradation of this marginal 

grainstone facies is identified by downlapping structures on seismic data. Volcanic activity was 

concentrated around the Cinderhill Fault, producing lava flows which extend out into the basin 

(Ebdon, 1990; Fraser & Gawthorpe, 2003). 

LC1 

Late Brigantian/Early Namurian to the Early Westphalian A, (~328 - 315Ma) (Fig.2.2) marks a period of 

waning extension and the onset of thermal sag subsidence across the Pennine Basin (Ebdon, 1990).  

The lower LC1 is composed of shelf platform carbonates which continued to accumulate over most of 

the East Midlands and Derbyshire Platforms. Within the Widmerpool Basin, dark grey, pyritic, 

carbonaceous muds and thin turbiditic sands accumulated (Fraser & Gawthorpe, 2003).  This is the 

first evidence of distal deposits of advancing delta systems. By this time, similar deposits had already 

filled accommodation space in basins further to the north (Leeder, 1988; Fraser, 1990). In upper LC1, 
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older deposits were onlapped by interbedded sandstones and grey mudstones that form shallowing 

upwards cycles of a lower delta plain. Sandstone became more dominant in these cycles towards the 

top of LC1 as the deltaic system advanced (Fraser & Gawthorpe, 2003). 

A minor basin inversion event is thought to have occurred during the LC1 stage due to offset of LC1 

deposits on the Hoton fault, with inversion concentrated along a NNW-SSE fault trend (Ebdon, 1990; 

Fraser & Gawthorpe, 2003). This inversion did not have a strong effect on regional deposition, but 

resulted in the formation of an intra-shelf basin, hosting sub wave-base carbonate deposition, on the 

Derbyshire Platform (Gutteridge, 1987). 

LC2 

Early Westphalian A to late Westphalian C (315 to 306.5Ma) (Fig.2.2). LC2 units consist of 

interbedded, carbonaceous mudstones, siltstones, sandstones and coal seams. Units thin basinward 

due to limited accommodation space and increased erosion at the top of an inversion-related 

anticline. These units show an environmental change from lower delta plain deposits, (LC1) to an 

upper delta plain system. Periodic tectonic and igneous activity ceases within this stage. 

Carboniferous Igneous Activity 

Igneous activity during the Carboniferous was widespread across the UK from the early Dinantian to 

the late Westphalian. On the Derbyshire Platform, extrusive volcanism was dominant in the Dinantian 

(345-325Ma) before changing to a more intrusive nature in the Namurian (325-310Ma) (Macdonald 

et al, 1984).  This is summarised in Fig 2.3 by Kirton (1984). 

 

Fig 2.3 A summary of igneous activity through the Carboniferous, taken from Kirton (1984) 
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Dinantian volcanism on the Derbyshire Platform was focused at three major volcanic centres, at 

Speedwell, Grangemill and Calton Hill (Macdonald et al., мфупύΦ aŀǘƭƻŎƪ ŀƴŘ aƛƭƭŜǊΩǎ 5ŀƭŜ ƭŀǾŀǎ ŦƻǊƳ 

the main volcanic successions on the Derbyshire Platform, composed of 30 distinct lava and tuff 

horizons, estimated to cover an area of 450km2 (Macdonald et al., 1984) and dated as 360-280Ma. 

These lavas were predominantly basaltic to doleritic (Kirton, 1984), the composition on which is 

consistent basin extension (Bruce 1989).  Effusive eruptions are thought to have taken place along 

fissures that exploited pre-existing crustal weaknesses to reach the surface, with crustal thinning lead 

to decompressive melting and magma emplacement high in the crust (Leeder, 1988; Bruce, 1989; 

Cope, 1997; Wylie, 1998).  

There has been difficulty in constraining the timing of emplacement of lavas as argon has been 

remobilised by palaeo-hydrological systems, leading to anomalously young dates using K-Ar dating 

methods (Mitchell and Ineson 1981). Timing therefore relies upon stratigraphic constraints, applicable 

only to extrusive volcanic events. Walkden (1977) suggests a stratigraphic association of 

karstic/erosive surfaces within Dinantian Limestones of the Derbyshire Platform, meaning that pulses 

of regional extensional that led to a local, relative sea-level drop and carbonate exposure, also 

triggered a period of volcanism. 

2.2.4 Variscan Orogeny  

Towards the end of the Carboniferous, the tectonic regime, became one of regional compression. 

This led to large-scale thrust and nappe emplacement in northern France, southern Belgium and 

southern England with corresponding crustal shortening on a regional scale (Fraser & Gawthorpe 

1990). The Variscan Orogeny led to basin-inversion by reactivation of NW-SE trending Caledonian 

fault systems with a component of strike-slip (Fraser & Gawthorpe, 2003). It is this reactivation of 

major fault systems that is thought to have driven basin dewatering and Pb-Zn-F-Ba mineralisation 

within carbonate platforms across the North of England, Ireland and Belgium (Neilson et al., 1998; 

Wright et al., 2000; Hollis and Walkden, 2002; Swennen 2003). 

2.3 Derbyshire Platform Diagenesis 

The Derbyshire Platform displays a complex diagenetic history, recorded within the Dinantian 

succession, from marine and meteoric cementation to a late-burial mineralization event (Walkden & 

Williams, 1991). Four major phases of calcite cementation (Zones 1-4) have been identified, which 

precipitated within carbonate pore spaces and fractures; Zones 1 and 2 are the result of meteoric 

diagenesis, while Zones 3 and 4 display evidence of formation during burial diagenesis (Walkden and 

Williams, 1991).  
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Further subdivision of these phases was undertaken by Hollis (1998) and Hollis & Walkden (1996 & 

2002), resulting in greater detail of burial diagenesis. These cement phases are reviewed below in the 

paragenetic sequence. 

 

2.3.1 Marine/Meteoric Diagenesis 

Pre-Zone 1: Meteoric 

Composed of a brown, inclusions rich, calcite, this cement contains low Mg and no Fe and is 

considered to be meteoric in origin, characterised by being non-luminescent under 

cathodoluminesence (referred to hereafter as CL) (Walkden and Williams, 1991). Common 

occurrences within the Asbain include small dissolution cavities beneath palaeokarstic surfaces or 

within calcretes, whilst in the Brigantian, it is often confined to shelter porosity and dissolution 

cavities within mud-mounds at the platform-margin (Walkden and Williams, 1991). It is also found 

associated within geopetal accumulations of clay minerals or calcite silt. 

Zone 1: Shallow meteoric 

Occurring almost exclusively as syntaxial overgrowths of echinoderm fragments, this cement 

demonstrates strong substrate-selectivity and is interpreted to represent a shallow meteoric system. 

Post-dating early dissolution, they may occupy up to 25% of available porosity in Asbian strata, but 

much less in Brigantian strata (Walkden and Williams, 1991). The cement is composed predominantly 

of non-CL calcite, but contains sub-zones of bright CL calcite (Hollis & Walkden, 1996 & 2002). The 

sub-zones are geochemically similar to Pre-Zone 1 cements and are thought to have precipitated 

during phases of platform emergence, during the development of a meteoric phreatic lens (Walkden 

and Williams, 1991).The cements contain more than twice the concentration of Mg and Fe and four 

times the concentration of Mn as Pre-Zone 1 cements and are thought to represent periods of slow 

calcite growth during platform submergence, when this meteoric circulation system was inactive 

(Walkden and Williams, 1991). 

Zone 2: Deep Meteoric 

Volumetrically insignificant this cement is composed of calcite and has a similar chemistry to zone 1 

luminescent subzones, but appearing bright under CL, therefore is interpreted to represent a period 

of slow mineral growth (Walkden and Williams, 1991). This phase is thought to represents burial to a 

depth beyond the near-surface, meteoric-circulation of oxygenated, cement-bearing fluids. 
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2.3.2 Burial Diagenesis  

Zone 3: Meteoric  

Composed of dull brown CL cement with indistinct subzones, this cement is non-substrate-selective 

and forms the most volumetrically dominant cement phase, occluding up to 70% of Asbian porosity in 

Asbian sediments and up to 100% of porosity in Brigantian sediments (Walkden and Williams, 1991). 

This cement phase is interpreted to have precipitated from groundwater, driven westwards from an 

exposed highland to the east (Walkden and Williams, 1991). Geochemistry indicates low levels of Mn 

and Fe, while up to a five-fold increase in Mg is seen from start to end of the cement phase (Hollis & 

Walkden, 1996 & 2002). 

Zone 4:  Deep burial diagenesis 

Bright yellow CL, inclusion-free, low Mg, ferroan calcite Zone 4 calcite occurs primary and secondary 

pore spaces and occurs along stylolites, microfractures and intercrystalline boundaries, with the latter 

implies high fluid pressure (Walkden and Williams, 1991).  This phase is interpreted to represent the 

deepest phase of burial diagenesis and uplift during Varsican inversion.  Cement is seen inter-growing 

with fluorite, galena, barite and hydrocarbon, suggesting contemporaneous occurrence with phases 

of ore mineralisation and hydrocarbon emplacement (Walkden and Williams, 1991). Geochemistry 

shows that these cements contain the highest concentrations of Fe and Mn, and moderate to high Fe 

concentrations. Since Zone 3 cements occluded much of the matrix porosity, these cements were 

principally transported and precipitated along fractures.  

Hollis & Walkden (2002) distinguished six calcite cementation zones as subdivisions of Zones 3 and 4.  

Zone 3A-4D cements most commonly occur as vein cements within fault zones and fracture systems 

on predominantly extensional NE-SW and NW-SE trends. These cements are commonly cross-cut by 

stylolites, suggesting that pressure dissolution proceeded throughout burial cementation (Hollis & 

Walkden, 1996 & 2002). Fluorite and baryte intergrowths occur in zones 3B ς 4B, they are also 

associated with liquid hydrocarbon and solid bitumen deposits with abundant hydrocarbon inclusions 

(Hollis & Walkden, 1996 & 2002). From zone 3C onwards intergrowths of ore minerals galena and 

sphalerite occur. Fluid inclusion homogenisation temperatures can be seen to generally increase 

through the cements succession to a maximum of 176°C in Zone 4B (Hollis & Walkden, 1996 & 2002). 

The lowest homogenisation temperatures measured occurred at the platform centre, with highest 

temperatures measured at marginal locations as well as a wider range in temperatures (Hollis & 

Walkden, 1996 & 2002). No such systematic pattern is identified within stable isotopes through time, 

ƘƻǿŜǾŜǊ ǘƘŜȅ ǾŀǊȅ ǎǇŀǘƛŀƭƭȅΣ ǿƛǘƘ ǘƘŜ Ƴƻǎǘ ŘŜǇƭŜǘŜŘ Ҝ18h ŀƴŘ Ҝ13C deposited in Zone 3B cements on 
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the platform and western margin. The most enǊƛŎƘŜŘ Ҝ18h ŀƴŘ Ҝ13C values occur in the Zone 4A of 

the southern margin and the Zone 3B of the platform centre (Hollis & Walkden, 1996 & 2002). 

All cement stages are summarised in Table 2.1.  

 

Table 2.1: Summary of diagenetic cements from Hollis & Walkden 2002. 

 

Dolomitisation of the Derbyshire Platform 

Woo Dale Dolostones  

The Woo Dale Dolostones occur in the lower part of the Woo Dale Limestone Formation and are 

laterally restricted (< 5 km2), outcropping exclusively within the Wye Valley inlier (Schofield & Adams, 

1986) (Fig2.5.1). These dolostones are divided into dolomitised limestone (containing unaltered 

matrix/allochems) and dolostones (Schofield & Adams, 1986).  
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The dolomitised limestones occur as laterally continuous beds and irregular cross-cutting dolostone 

bodies. These may transition to dolostones either abruptly at bedding planes or gradationally, as 

dolomite rhombs coalesce into mosaics (Schofield & Adams, 1986). The dolomitised limestones 

display predominantly non-fabric selective replacement by buff-coloured dolomite crystals within a 

dark limestone matrix. Within these limestones there is some evidence of fabric selective 

replacement, visible within peritidal facies of the Topley Pike member, where geopetal sediments or 

sparry calcite fills within fenestrae are preferentially replaced (Schofield & Adams, 1986).  

The dolostones form stratiform bodies within the Vincent House Member (Schofield & Adams, 1986) 

occurring in an alternating sequence with unaltered and dolomitised limestones of wide textural 

variation, all of which are fully cemented. Dolostone beds vary in structure from massive, rubbly or 

finely bedded, though internal sedimentary structures and fossils are absent (Schofield & Adams, 

1986). Where un-weathered, they consist of tight-interlocking dolomite crystals of <0.5mm. Where 

weathered, they are friable and many dolostones also show evidence of dedolomitisation. Correlation 

was conducted with a nearby borehole, indicating that dolostones also become more abundant with 

depth (Schofield & Adams, 1986).2 

Early models suggested penecontemporaneous dolomitisation (Ford, 1977) related to deposition 

within a hypersaline lagoon (Llewelyn & Stabbins, 1970). A later interpretation by Schofield & Adams 

(1986) suggests a two-stage, two-fluid-chemistry dolomitisation model: Stage 1 dolostones 

precipitated from fluids poor in iron and manganese, sourced from basinal shales bounding the 

Derbyshire Platform. The fluid drive proposed is derived from basinal-shale compaction, supported by 

Fig 2.5.1: The distribution of dolostone bodies 

                 within the Derbyshire, Lower Carboniferous 

                Limestone outcrop area. Image taken from 

                {ŎƘƻŬŜƭŘ ϧ !ŘŀƳǎ όмфусύ 
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the outcrop location near to the platform margin. Stage two occurs by interaction with fluids enriched 

with iron and manganese, suggesting a different fluid source or an evolved basin fluid. Volcanic rock 

interaction may have also enriched these elements.  No unique drive for flow is suggested for this 

second dolomitisation stage (Schofield & Adams, 1986). 

Southern Platform Margin Dolostone 

Asbian-Brigantian dolostones on the southern margin of the Derbyshire Platform outcrop over a 

greater area than that of the Woo Dale dolostones (approximately 50km2), with a roughly NW-SE 

elongated form. Outcrop patterns tend to follow the lineation trend of the Cronkston-Bonsall fault, 

suggestive of a close association with volcanics along the faultline.  Three Asbian-Brigantian dolostone 

outcrop-bodies are shown by Schofield and Adams (1986), the two largest bodies run roughly 

northwest and west from Winster and Brassington respectively. Edges of dolostone bodies are 

irregular and are usually gradational with the maximum known depth of the contact being 128m 

below the surface (Ford & King, 1965). Within the Bee-Low limestones the degree of dolomitisation is 

seen to be variable, with pervasive, fabric destructive dolostone common, however in some areas, 

relict structures of moulds of rudite crinoid, brachiopod or coral debris are preserved (Cox & Harrison, 

1980). The Monsal Dale limestones are extensively dolomitised, producing a range of carbonate 

textures similar to those seen in the Bee Low limestones. 

2.3.3 Models of Burial Diagenesis  

Hollis & Walkden (2002) constructed conceptual models of fluid flow using data from the detailed 

examination of Zones 3A to 4D (Fig. 2.3.1). The Zone 3 early burial cements are thought to precipitate 

under stable, long-term circulation of meteoric fluids (Walkden and Williams, 1991). This is supported 

ōȅ ǘƘŜƛǊ ƭƻǿ ǘǊŀŎŜ ŜƭŜƳŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ƭƻǿ Ҝ18OCalcite and dull CL. The Zone 4 cements have a more 

complex paragenesis. Geochemical and isotopic data vary both spatially and temporally, suggesting 

the Derbyshire Platform hosted multiple fluids of different temperatures and chemistries (Hollis & 

Walkden, 2002). This is attributed to the release of fluids trapped in overpressured, basinal 

sediments. Numerous basins surrounded the Derbyshire Platform, each with its own basin evolution. 

These would produce different fluids and release them onto the platform through bounding faults at 

times of fault activation, releasing the necessary ions for ore mineralisation (Ford, 2001; Hollis & 

Walkden, 2002). Fluid expulsion is thought to have been at maxima during the Variscan Orogeny due 

to the large scale reactivation of Caledonian basement faults. Zone 4A-4D cements are interpreted as 

a product of mineral-bearing, basinal-fluid release along fracture systems affected by this large scale 

tectonism. 
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Fig 2.3.1: /ƻƴŎŜǇǘǳŀƭ ƅǳƛŘ-ƅƻǿ ƘƛǎǘƻǊȅ ŘǳǊƛƴƎ ōǳǊƛŀƭ-calcite cementation, mineralization, and 

hydrocarbon emplacement on the Derbyshire Platform. Image from Holls & Walkden 2002 

Hollis and Walkden (2002) constructed a conceptual model of compactional fluid flow as a result of 

overpressure release. Frazer (2014) showed that this model was viable using fluid flow models: 

Reactive transport modelling of the southern margin of the Derbyshire Platform and Widmerpool 

Basin was produced using Toughreact. Results from Basin2 modelling show that overpressure within 

both the Derbyshire Platform and local basins develop in response to deltaic loading in the 

Westphalian. Simulations calculated the volume of fluid that could have been supplied to the 

Derbyshire Platform in response to the release of this overpressure, by the activation of Variscan 

faults after maximum burial, was estimated at a total of 92 km3. However, insufficient fluids are 

supplied from potentially Mg-rich fluid sources to explain dolomitisation in the platform.  Frazer et al 

(2014) suggested that Mg-rich fluids, expelled during compaction could impact dolomitisation, but 

ƻƴƭȅ ƛŦ ŀ ǉǳŀƴǘƛǘȅ ƻŦ άǎŜŜŘ Řƻƭƻstoneέ ǿŀǎ ŀƭǊŜŀŘȅ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǎŜŘƛƳŜƴǘǎΦ  ¢Ƙƛǎ Řƻƭostone could 

have formed by geothermal convection on the platform margin during the Lower Carboniferous.  

Frazer (2014) constructed a Toughreact model that assumed continued igneous activity throughout 

the period of platform development thereby facilitating convection-driven flow of seawater onto the 

platform along deep-seated faults. In this model Mg would have been sourced from seawater, and 

after burial, it is speculated that igneous intrusions may have provided additional heat flux to drive 

greater convective flow while the breakdown of volcanic minerals may have provided a minor source 

of Mg (see Fig 2.3.2). 

 
Fig 2.3.2: The potential role of local igneous activity on dolomitisation in the Derbyshire Platform. A) 

Volcanism on the Derbyshire Platform is fed along the same fault zone later exploited by the flow of 

burial diagenetic fluids  B) Igneous intrusions into the area continue after burial, maintaining a higher 

local heat flow that continues to drive fluid convection. Image from Frazer et al (2014). 
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Frazer et al 2014 noted that spatially varying rates of fluid expulsion from the sedimentary succession 

led to increased contributions of fluid from Namurian shales.  This occurred as a result of rapid fluid 

expulsion and pore-fluid reduction in the deeper parts of the basins. From this mechanism, it is 

speculated that, a single basin-compaction evolution may deliver a sequence of diagenetic fluids.  

Flow patterns from Frazer at al 2014 models are summarised within figure 2.3.3. 

 

 
Fig 2.3.3: A summary of the main patterns of diagenetic fluid flow suggested by Basin2 simulations. A) 

Initial fluid expulsion of basin overpressure supplies fluids derived from the deeper part of the basin, 

leading to rapid pore-fluid depressurisation B) Depressurisation in the lower part of the basin leads to 

downward flow of fluid out of overlying shale seal. C) By the end of simulations, convection is the 

primary drive for continued fluid movement. Circulation paths into the basin and within the platform 

continue to exploit the open fracture system. Image from Frazer et al 2014. 

 



 
 

Page | 36  
 

Frazer et al (2014) conducted four simulations using PyTOUGH-DP of increasing complexity to 

investigate the impact of (1) an un-faulted, static platform simulation, (2) a faulted, static platform 

simulation, (3) an unfaulted, growing platform simulation and (4) a faulted, growing platform 

simulation. This series of simulations reveals that a hydraulically conductive fault increases fluid flux 

within and around the fault zone, and enhances flow on the platform. This increased flux of Mg-laden 

seawater was sufficient to facilitate dolomitisation throughout the simulated platform succession, 

although dolomitisation is always most intense around the fault line (seen in Fig. 2.3.4).  

 

Fig 2.3.4: Results of the faulted stratigraphic development model for dolomitisation driven by 

geothermal convection within the platform during the tectonostratigraphic stage EC6. Plots show (a) 

the distribution of rock types in the platform, (b) the distribution of fluid fluxes that develop within the 

platform, (c) the temperature distributions that develop within the platform succession and (d) the 

final distribution of dolostone produced by the fluid flow regime in the platform. Image from Frazer et 

al 2014. 
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Incorporating platform growth within numerical (toughreact) models of convection-driven 

dolomitisation leads to an overall reduction in the quantity of dolostone calculated by simulations, 

leading to a model that shows how dolomitisation may occur, however the distribution of dolostone 

does not match what is observed on the Derbyshire Platform. It is clear that whilst the simulations 

suggest a mechanism for fluid flux through the platform, and the resulting dolomitisation, detailed 

petrographical and geochemical data is required to try and identify the paragenesis. Critical to the 

focus of this study will be to try to find evidence for geothermal convection and/or burial 

dolomitisation. Once sufficient data has been collected, future modelling could be undertaken to 

incorporate these data in another project.  

2.4 Mississippi Valley Type (MVT) Mineralisation  

The Carboniferous Limestones of the Derbyshire Platform host economic quantities of Pb-Zn-F-Ba 

mineralisation, with deposits classified as Mississippi-Valley-Type (MVT) ore deposits (Ford & Quirk, 

1995). The presence of ore bodies within igneous rocks and localized beneath lavas (Walters & 

Ineson, 1980) suggests the igneous bodies acted as aquicludes, as well as hosts to the mineralizing 

flow system (Walters & Ineson, 1980; Ford, 2001). Diagenesis of these volcanics has also been 

suggested as a potential Mg source for the dolomitisation process of Dinantian limestones on the 

Southern margin of the Derbyshire Platform (Schofield & Adams, 1986). These are characterised by 

large quantities of galena hosted within carbonate rocks. Classification of these deposits is 

traditionally by their body geometry, with four major ore body types present (Ford, 2001) 

summarised in the table below: 

Rakes Ore body that fills a fissure (fault/fracture) in near-vertical, wrench-faults. 

Scrins Minor fissure fills less than 1m wide, commonly occur in swarms or split off from larger 

rakes deposits. 

Flats An ore body that follows near-parallel to bedding and is as wide as it is long. They are 

commonly thin (~10cm) with a limited lateral extent. 

Pipes Elongate bodies that follow parallel to bedding or large cavities formed by hydrothermal 

karstification. They often follow below permeability baffles such as wayboards or lava beds.  

Table 2.4.1. Body types of MVT mineralisation within the Carboniferous of the Derbyshire platform 

2.4.1 Mineral Deposit Assemblages 

Ore minerals within the Carboniferous Limestone consist primarily fluorite, galena, with baryte and 

calcite as the major gangue phases (Ford, 2001). Also reported by Ford (2001) is an extensive suite of 

secondary minerals, including; anglesite (lead sulphate), malachite (copper carbonate), 
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rosasite/aurichalcite (copper-zinc carbonate), smithsonite (zinc carbonate), hemimorphite (zinc 

silicate) and hydrozincite (zinc hydroxide). Pyromorphite (lead sulphate), rare cinnabar (mercury 

sulphate), greenockite (cadmium sulphate) and wulfenite (lead molybdenate) alongside trace 

quantities of gold. 

2.4.2 Emplacement Mechanism and Timing 

Emplacement of Mississippi Valley Type deposits are the result of rock interactions with fluids 

containing unusually high concentrations of lead, zinc, fluorine and barium, as well as sulphur, (Ford & 

Quirk, 1995). During progressive diagenesis, ions of Pb, Zn, F, and Ba are expelled from mineral 

lattices producing concentrated pore fluids. Increasing temperature and salinity of fluids may catalyse 

ion release (Ford & Quirk, 1995), and overpressuring of basinal sediments provides the drive for the 

fluids to circulate into the host limestones of the Derbyshire Platform (Hollis & Walkden, 2002). 

Mineralisation within a host rock requires sufficient porosity, either as intergranular porosity or open 

fracture spaces. Mineralisation on the Derbyshire Platform usually occurs as veins, suggesting that 

fracture networks were the principle flow pathways for reactive fluids. It has been estimated that up 

to 2000km3 of fluids would have been required to produce the quantity of mineralisation produced 

(Ford & Quirk, 1995). 

No radiometric dating technique has been successfully applied to mineral deposits hosted by the 

Derbyshire Platform. However, a number of relative dating constraints are possible.  Mineral veins 

formed within dolostone hydrothermal-karst cavities suggests mineralisation post-dates both 

dolomitisation and the circulation of fluids responsible for hydrothermal karstification (Ford, 2001). 

This combined with observations from Hollis and Walkden (2002) reporting increasing intergrowth of 

fluorite, baryte and galena through successive burial cement phases, constraints timing of 

mineralisation to near the end of their constrained paragenetic sequence.  However, there is 

controversy over the timing, such as apatite fission track dates with some papers favouring Mesozoic 

mineralisation (Green, 1988). Seismic evidence demonstrates that the Pennine axis remained as a 

high after the Variscan Orogeny, but there is still uncertainty. The Variscan Orogeny is proposed as a 

potential drive, with the associated regional compression reactivating regional faults around the 

Derbyshire Platform, allowing the release of overpressured fluids held within syn-rift, basinal 

sediments. 

Mineralisation within the Lower Carboniferous of the Derbyshire Platform is reported to commonly 

occur at dolostone/limestone boundaries, indicating a spatial association of dolostone and 

mineralisation Ford (2001). This is reported to be a common observation for MVT deposits (Gregg, 
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2004), suggesting that dolomitisation and mineralisation may share a common formation mechanism, 

most probably related to the expulsion of reactive fluids from rift-basin sediments (Ford & Quirk, 

1995; Ford, 2001). 

2.5 Hydrothermal Dolomitisation  

Lindgren (1933) was the first to define ΨhydrothermalΩ fluids which formed ore deposits as resulting 

from magmatic fluids, with MVT and related mineralization described as "epigennetic". More recently, 

hydrothermal dolomite (HTD) has become a commonly used term to describe late diagenetic burial 

dolomitisation, and is defined as a burial dolomite that forms from fluids that are significantly hotter 

(by definition 5° C or more, White, 1957) than the ambient rock (Machel and Lonnee, 2002). An 

apparent unified model for HTD is often presented, but there is a complete spectrum in terms of 

shape, sizes, fluid sources and mechanisms, as acknowledged in Hollis et al (2017) and there remains 

debate over fluids, mg source and the impact of fault permeability.  

Whilst the term HTD is commonly used, there are various late diagenetic dolomitising systems which 

cannot be fully described by the term HTD, including a number of ways that dolomitising basinal or 

other fluids may be introduced to a hosting limestone; 

 
The formation of HTD is commonly described as structurally controlled (Gregg, 1984; Schofield & 

Adams, 1986; Machel, 1987; Fowles, 1987;Gawthorpe, 1987; Kaufman et al, 1990; Kaufman et al, 

1991; Reimer and Teare, 1992; Packard et al,1992; Mountjoy et al, 1999; Gregg et al., 2001; Reimer et 

al., 2001; Packard and Al-Aasm, 2002; Ford, 2002; Davies and Smith, 2006), forming proximal to faults 

encountered in extensional or strike-slip fault systems (e.g. Davies & Smith 2006; Wilson et al. 2007). 

Fault/fracture systems are commonly ascribed to be the fluid flow pathways for dolomitising fluids, 

the type example of which is the Albion Scipio field of the Michigan Basin (Grammer and Harrison, 

2013). Here, a negative flower structure has an associated dolostone halo, formed from the supply of 

basinal brines along the fault and also resulted in extensive mineralisation. However it is not always 

the case that mineralised negative flower structures are also extensively dolomitised, with examples 

from the Tri-State mineral district of Missouri, Kansas, and Oklahoma, where the ore deposits are 

hosted by Mississippian limestones with only local dolomitisation forming along faults and fractures, 

mainly in the form of saddle cement crystals (Jaiswal et al. 2018). Other examples of structurally 

controlled fault/fracture systems that are dolomitized, are not negative flower structures (e.g. Hollis 

& Walkden, 2012; Juerges, 2013; Frazer et al, 2014; Hendry et al., 2015; Hollis et al.,2018). 

 
Faults and fractures are one possible fluid-flow pathway, however not the only ones. Other aquifer 

types have been proven to introduce dolomitizing fluids; The type deposit for MVT systems is hosted 
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within the Bonneterre Dolomite (Cambrian) in south-eastern Missouri and is facies controlled not 

structurally controlled, with fluids sourced via circulation from the underlying sandstone (Gregg, 

1985). Alongside this, there is evidence for dolostones formed during late diagenesis that do not 

appear to be structurally controlled to any large extent (e.g. Amthor and Friedman, 1992; Amthor et 

al 1993).  

 

A common model often presented for HDT assumes a body with a non-stratabound core and 

stratabound margin, localized around normal and strike-slip faults, with little consensus so far 

presented on either the source of fluid, source of Mg2+ or the process for dolomitization (Machel, 

1986; Gawthorpe, 1987; Reimer and Teare, 1992; Reimer et al., 2001; Ford, 2002; Hollis & Walkden, 

2002; Lopez-Horgue et al, 2010; Iriarte et al, 2012 Hollis & Walkden, 2012; Frazer et al, 2014; Frazer, 

2014; Lapponi et al, 2014; Juerges et al, 2016; Davies and Smith, 2006). Furthermore, as most case 

studies of HTD are in pre-Cenozoic strata, it is likely that overprinting of the dolostones geochemical 

signature has taken place from multiple fluid flows, structural reactivations and recrystallization. A 

recent study from Hollis et al., (2017) demonstrated that the typical stratabound and non-

stratabound geometry associated with HTDs does not necessarily mean a syngenetic relationship and 

fluid source, instead their formation of can be decoupled in time, but still linked to structural 

evolution. 

 

Fluid sources for HTD are often thought to derive from basinal brines, with compaction and expulsion 

of these basin derived fluids containing a significant concentration of Mg2+ resulting in dolomitisation 

(Machel, 2004). Mg2+ is thought to be released during the transformation of clays (smectite to illite) 

with increasing burial depth and with elevated temperatures (Kahle, 1965; McHargue & Price, 1982; 

Flügel, 2004). Other sources of fluids considered include seawater, as this would provide both the 

necessary magnesium, along with providing the fluid volumes (Corbella et al, 2003; Machel, 2004; 

Corbella et al., 2014; Hollis et al, 2017), a problem often encountered when considering basinal brine 

sources. Expulsion of these fluids onto platforms during burial can occur by a number of mechanisms 

including compaction, topographic head, fault movement, and convection (Tucker & Wright 1996; 

Flügel, 2004) (Figure 2.5.1). Whist these models of fluid drives have been invoked for many dolostone 

occurrences, the importance of fault and fracture networks acting as permeability pathways for 

dolomitising fluids is increasingly recognised within diagenetic studies (e.g. Gale et al., 2004).  

The volume of HTD formed within the Pennine Basin commonly corresponds with the volume of 

basinal brines derived from surrounding basins (e.g. Schofield & Adams, 1986; Fowles, 1987; 

Gawthorpe, 1987; Hollis & Walkden, 2012; Frazer et al, 2014; Juerges et al, 2016; Ford, 2002; Hollis & 
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Walkden, 2002; Frazer, 2014; Hendry et al, 2015) and the importance of basin dewatering for fluid 

supply and proximity to hanging wall basins for fluid supply was highlighted by Hollis & Walkden 

(2012). Uncertainty still remains however, as to what is controlling the distribution of these HTD 

bodies to discrete portions of these faults. With this in mind, within the following chapters, careful 

consideration will be given as to the type of dolomitisation observed, in particular, the subset of late 

diagenetic dolostones described in chapters 5 and 6. 

 

Figure.2.5.1. Schematic diagram displaying different dolomitisation models (Tucker & Wright 1996; 
Flügel, 2004) 

2.6 Dolomite: Crystallography and Mineralogy  

Dolomite (CaMg(CO3)2) is a rhombohedral carbonate mineral and has a structure which is a derivative 

of calcite. The dolomite structure consists of alternating layers of Mg2+ and Ca2+ interspersed within 

CO3
2- groups orientated normal to the c-axis. The alternation of the Ca and Mg violates the c-glide 

plane in the calcite structure, giving the dolomite structure Ṹ3 space group symmetry. Dolomite may 

display enrichment in Ca2+ and frequently contains Fe2+ and Mn2+ cations that substitute for Mg2+.  

Calcite comprises alternating layers of calcium cations (Ca2+) and carbonate anions (CO3
2-) oriented 

normal to the c-axis. Cations are coordinated by 6 oxygen atoms, each belonging to a specific CO3
2- 

group. Each oxygen atom is bonded to by two metal cations belonging to separate cation layers 
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(Lippmann, 1973; Reeder, 1983). Symmetrically the calcite structure has space group Ṹ3c (Gregg et 

al., 2015).  

High magnesium calcite is calcite containing a significant number of Mg2+ cations randomly 

substituting for Ca2+ in the single cation site (Gregg et al., 2015). Typical calcites containing >4 mol% 

MgCO3 are considered to be high magnesium calcite (Chave, 1962; Tucker and Wright, 1990, p. 290.). 

Lattice defects are common, occurring on a scale of 1 to a few 100 angstroms and are classified by 

their geometry: 

¶ Point defects: arise from vacant atom spaces, foreign atoms or atoms between lattice planes 

¶ Line defects/dislocations: form due to lattice displacement along a line 

¶ Planar defects: twin boundaries, stacking faults, antiphase and interphase boundaries.  

 

2.6.1 Dolomite Classification 

Dolomite types were described by Lumsden & Chimahusky (1980) and Morrow (1978, 1982) but 

textures are most commonly described by the scheme presented by Sibley & Gregg (1987) seen in 

table 2.6. 

Dolomite crystal size Unimodal or polymodal 

Dolomite crystal shape Planar or nonplanar 

CaCO3 allochems Unreplaced or moulds 

If replaced: Partial or complete, mimetic or non-

mimetic 

Planar or nonplanar 

CaCO3 matrix 

CaCO3 cement  Euhedral, Subhedral, Anhedral 

Void-filling dolomite Limpid, rhombic, drusy, baroque 

 

Table 2.6. Dolomite types as described by Sibley & Gregg (1987)  

Dolomite occurs in a wide range of crystal forms, fabrics and mosaics. Dolomite occurs as both a rock, 

formed from the replacement of limestone, and mineral cement both of which do not occur as a 

primary precipitate at ambient conditions. The dolomite forms described below include: replacement 

dolomite, baroque dolomite and dolomite cement. 
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2.6.2 Replacement dolomite 

Replacive dolomite vary from fabric destructive to fabric retentive, selective to pervasive, with crystal 

shapes varying from anhedral to euhedral rhombs to form planar or nonplanar mosaics. Nonplanar 

and planar mosaics are comprised of anhedral-euhedral dolomite forming nonplanar, planar-s and  

planar-e rhombs. Intercrystalline boundaries tend to be mostly curved, lobate, serrated, or otherwise 

irregular. This fabric produced by this mosaic commonly does not preserve much of the sedimentary 

fabric and result from higher temperature fluids. Sucrosic texture in dolomite is formed from a porous 

mosaic of euhedral rhombs with cloudy centers and clear rims (Murray 1964, Sibely 1980, 1982). The 

cloudy cores are a result of inclusions, mineral relics from the precursor mineral or empty-fluid filled 

microcavities. 

Dolomite can also pseudomorph the CaCO3 precursor to create a mimetic, or fabric preserving 

texture.  In these instances the dolomite nucleates in optical continuity with the CaCO3 precursor. 

Fossils and ooids are formed from numerous microcrystals, therefore many nucleation sites are 

required to retain the crystallographic orientations of the precursor crystals. High Mg Calcite and 

aragonite may be preferentially dolomitized in this way, compared to low-Mg Calcite. (Murray 1964, 

Sibely 1980, 1982). Low Mg-calcite grains appear more resistant to dolomitisation, however this could 

be a function of fewer nucleation sites being available, and the greater chemical stability of lower 

magnesium calcite. With fabric destructive dolomites, it is probable that precipitation did not take 

place during one event, but from shallow to deep burial. Fracturing of early dolomite rhombs, 

overgrowths and dissolution surfaces provide evidence of this (Gregg & Sibley 1984). 

2.6.3 Dolomitisation process 

Very high magnesium calcite (VHMC) is defined as calcite that has calcium:magnesium ratios similar 

to dolomite, however displays no ordering of these ions within the crystal lattice, as is observed 

within dolomite (e.g. Navrotsky & Capobianco, 1987; Nordeng and Sibley, 1994). Ostwald's step rule 

allows for mineralogical sequences, such as the conversion of very high magnesium calcite (VHMC) 

into dolomite, to be described quantitatively (Ostwald, 1897, Morse and Casey, 1988; Nordeng and 

Sibley, 1994). This rule states that initial reaction products lie closer to the free energy of the 

reactants than to the free energy of the final, stable products, meaning that reactions can proceed 

more easily through a stepped phase reaction, with each new phase being less soluble than the last.  

In this case we will consider the case of dolomite formation through the conversion of very high 

magnesium calcite (VHMC) into dolomite. VHMC is more soluble than ordered dolomite (Navrotsky & 

Capobianco, 1987), and non-stoichiometric dolomite is more soluble than stoichiometric dolomite 

(Carpenter, 1980), this would form the stepped reaction series. Nordeng and Sibley (1994) showed 
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that VHMC nucleates before poorly ordered dolomite. This is seen within closed system hydrothermal 

experiments, where the initial growth of VHMC decreases the Ca2+-Mg2+-CO2
-3 ion activity product in 

solution, allowing more-ordered dolomite to nucleate and grow faster than the more soluble VHMC 

later on in the reaction (Graf and Goldsmith, 1956; Arvidson and Mackenzie, 1999). Dolomite is also a 

very reactive mineral in the diagenetic environment, with unstable early formed Ca-Mg carbonate 

phases and the potential for repeated and significant recrystallization. This therefore makes it unlikely 

that original depositional and diagenetic geochemistry of dolomite will be preserved (Machel, 1997). 

Kaczmarek and Sibley (2014) furthered this, proposing that most, if not all, ordered stoichiometric 

dolomite in nature has been recrystallized.  

2.6.4 Factors affecting dolomitisation 

Controls on dolomitisation are not well understood as it does not precipitate from supersaturated 

seawater at ambient conditions (Gregg et al 2015). A number of factors however, appear to enhance 

dolomitisation rates, including: increasing temperature, increasing alkalinity, lowering PH, increasing 

concentration of Mg and Ca, increasing Mg to Ca ratio, increasing fluid to rock ratio and increasing the 

surface area available for dolomite nucleation and presence of seed dolomite (Jones et al 2000, 

Whitaker & Xiao, 2010; Gregg et al, 2015).  

Gregg et al 2015 reviewed the role of microbial activity in catalyzing dolomitisation reactions, as it is 

known that some organic compounds reduce the hydration of Mg2+ cations in solution, allowing them 

to be more easily incorporated into precipitating carbonates. However, to date no dolomite has been 

successfully synthesized at ambient conditions in labs, only very high magnesium calcite, which can be 

synthesized without the presence of microbes. It may still however be possible to synthesis dolomite 

under ambient conditions by means of microbial catalysts although it may be very difficult to 

overcome the kinetics involved (Gregg et al, 2015).  
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Chapter 3: Methodology 

The study employs a multi-scale, interdisciplinary approach which includes complementary 

sedimentological, petrographic, geochemical, isotopic and structural analysis. A variety of dolomitised 

platform margin, platform top and Slope sediments of Viséan age were recorded and sampled. The 

interval of interest was used in order to compare and contrast the diagenetic and burial history with 

well documented adjacent and contemporaneous carbonate platforms (e.g. Hathern Shelf, Askrigg 

Platform). 

3.1 Fieldwork Methods 

3.1.1 Photography 

Photogrammetry of outcrops has been undertaken to allow georeferenced interpretation of facies 

and dolostone distribution within and between outcrops facies. Photos are systematically taken by 

walking along the outcrop, with a range of close detailed images and overviews. The camera used was 

a Nikon SLR. This allows for the software VisualSFM to stich the images together into a 3d model and 

combined with GPS readings, allows for the models to be spatially arranged.  

3.1.2 Logging 

15 Logs were taken at 1:50 scale at both core and outcrop, with facies identified, allowing for a 

comparison and correlation between outcrop and cores. Thickness ranges are between 4m to 30m, 

with rock classification and facies recorded. 

3.1.3 Sampling strategy 

All logged sections were sampled to ensure full representation of identified facies, at key surfaces or 

mineralization. Samples of facies that are identified across multiple outcrops have also been taken. 

Samples are of sufficient size for petrographical analysis and geochemistry. Samples are all 

georeferenced and orientated.  

The location of sample localities including outcrops, quarries, mines, caves and boreholes are outlined 

in table 3.1 and Fig.3.1 below. 

Fig.3.1. Location of sample localities including outcrops & quarries (shown by square symbols), mines 

& caves (shown by circle symbols) and boreholes (shown by triangle symbols); 1. Brundcliffe Cutting; 2. 

Brassington Quarry; 3. Hoe Grange Cutting; 4. Harborough Rocks; 5. Middleton Incline; 6. Ryder Point 

Quarry; 7. Wyns Tor; 8. Grey Tor; 9. Winster Quarry; 10. Parsley Hay Station; 11. Gratton Dale; 12. 
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Hopton Tunnel; 13. Rivendale Quarry; 14. Coal Pit Rake; 15. Upper Wood; 16. Peak Quarry; 17. 

Cromford Road Cuting; 18. Minninglow; 19. Newhaven Cutting; 20. Middleton Top Quarry; 21. Hopton 

Quarry; 22. Hartington Station Quarry; 23.Blakelow Quarry; 24. Luntor Rocks; 25.Grinlow; 26. 

Devonshire Cavern; 27. Wapping Mine; 28. Temple Mine; 29. Masson Cavern; 30. Golconda Mine; 31. 

Ballidon Hill Brassington; 32. Pikehall Road Elton; 33. Gurdall Wensley; 34. Longcliffe; 35. Parsley Hay 

Station; 36. Standlow Lane Kniveton; 37. Bottom Leys Farm; 38. Ivy Cottage Bradbourne; 39. Blore 2; 

40. Four Lanes End Wirksworth; 41. Carsingotn Pastures. Map is taken from Edina Digimap, with OS 

map undelay and geological map overlay from sheet SSK111. 

 

Table 3.1: Location of sample localities including outcrops, quarries, mines, caves and boreholes. 
Location is provided by Lat & Long, and a simple description of the lithology encountered at each 
locality included 
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3.2 Core description 

18 cores were logged during visits to the British Geological Survey (see Appendix). Logs were taken at 

1:50 scale, with both rock classification and facies recorded to allow for a comparison to those taken 

in the field. Facies were identified within the cores and then used for correlation. Fracture intensities 
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per meter or facies were recorded for some logs, as well as a graphical log of diagenetic features 

including; dolomitisaiton, silicification, fractures and stylolites.  

3.3 Petrographical analysis 

A total of 167 polished thin have been analysed in transmitted light and under CL. Photomicrographs 

were taken on a variety of scales to show key relationships using transmitted light, cross-polarised 

light and UV (with blue light fluorescence). Optical microscopy was carried out using a Meji Techno 

polarizing microscope. Cathodoluminesence (CL) analysis of polished thin sections was carried out 

using a Nikon CITL cathodoluminesence MK5-нΦ hǇŜǊŀǘƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ǿŜǊŜ ϤмлY± Ϥрлл˃! ŜƭŜŎǘǊƻƴ 

beam current in a vacuum of ~0.08 torr.  

3.4 Porosity & Permeability 

Porosity measurements were made using a ResLabTM DHP-100 Digital Helium Porosimeter. Helium 

was used for measurement due to its small atomic size, enabling the gas to move through the 

smallest pore throats. The pore volume of the samples was estimated from the pressure drop 

associated with the helium entering the chamber form a reference volume at known pressure. The 

porosimeter is equipǇŜŘ ǿƛǘƘ ŀ мΦлΩΩ ŘƛŀƳŜǘŜǊ ƳŀǘǊƛȄ ŎǳǇΣ ŀŎŎƻƳƳƻŘŀǘƛƴƎ ǎŀƳǇƭŜǎ ǳǇ ǘƻ пΩΩ ƛƴ ƭŜƴƎǘƘΦ 

Steel caibrations disks of various lengths were used in different combinations to produce a linear 

regression analysis on order to assess the pressure ration at different volumes. 

Permeability measurements were made using a ResLabTM DGP-200 Digital Gas Permemeter. This 

system has a permeability range of 0.1 mD ς 10 D and was used to measure sinle point gas 

permeability. This method of measurement relies on an upstream and downstream gas flow through 

a core holder with samples jacketed in a rubber sleeve under a confining pressure Nitrogen gas inflow 

is controlled by either a needle valve or a by-pass valve dependent on the permeability of the sample 

(Taylor, 2013).  Porosity and Permeability calculations are included in the Appendix. 

3.5 X-Ray Diffraction 

X-Ray Diffraction is the preferred technique to calculate dolomite to calcite ratios over petrographic 

point counting methods, as it can quantify the micrometer to submicrometer crystals, as well as 

unconsolidated cements within samples (Gregg et al, 2015). There have been varying methods used 

to determine calcite ratios using the 104 reflections, the most intense reflection in carbonate 

minerals, corresponding to the cleavage rhombohedron planes (Goldsmith and Graf, 1958; Lumsden, 

1979). 
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Lumsden (1979) indicated that there are three independent factors that can affect XRD estimates of 

dolomite in pre-Cenozoic carbonates: 

1) Nonstoichiometric dolomite with excess calcium within the mineral lattice expands and enlarges 

the 104 reflection. Goldsmith & Graf (1958) and Runnels (1970) showed this enlargement of the 104 

reflection is a direct function of the amount of excess calcium. Using the 104 calcite/dolomite peak 

ratios, Lumsden (1979) proved that every 1% of excess calcium within the dolomite lattice causes 

approximately 2% overestimation of the amount of dolomite within a sample, therefore it is an 

unsuitable method for quantitative analysis of nonstoichiometric dolomites. Iron substitution also has 

an influence on the 104 spacing and peak size (Runnels, 1970; Runnels, 1974). 

Lumsden (1979) developed an equation for calculating the Ca content of dolomite based on the shift 

in the dolomite 104 reflection: 

NCaCO3 = 333.33d ς 911.00 

NCaCO3 = Mol% CaCO3 d = value of the 104 reflection measured in Å 

This equation is subject to error, however, as it does not consider other substituting cations or 

variations in ordering. Jones et al (2001) also coupled this with peak-fitting to detect heterogeneous 

populations of the calcian dolomite. 

2) Gregg et al. (1992) used the 113 peak ratios instead to avoid the stoichiometric effect of the 

dolomite (as it is unrelated to the interlattice cations); however, there is an interference of the 

dolomite 113 reflection with the quartz 102 reflection. In samples with more than 20% quartz, 

Lumsden (1979), noted the interference significantly increased the size of the calcite peak, conversely 

reducing the dolomite estimate. In samples with less than 20% quartz and less than 50% dolomite, 

the effect, although measurable, was shown to be overshadowed by other sources of error and may 

be ignored. To limit these effects, Lumsden (1979) determined the mole percent Ca CO3 of calcium in 

the dolomite phase by measuring the shift in position of the [104] peak relative to an internal halite 

standard. 

3) Error was also shown to occur if the crystalline size of the powdered standards used to prepare x-

ray calibration curves differ significantly from the crystal size of the sample unknowns (Lumsden, 

1979). The conclusion is that calibration curves should be prepared with samples that approximate 

the crystallite size in the unknown samples (Lumsden ,1979; Gregg et al., 2015). 

XRD analysis was conducted using EVA software to produce quantitative mineralogy of the samples. 

Detailed analysis as described in section 4.3 was conducted using Excel software. Raw data (with 

background extraction) was extracted from EVA and normalized to remove negative counts, allowing 
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for multiple analysis to be conducted using charts produced in excel. Plotting raw data taken from 

EVA into software which produces algorithms to measure multiple overlain peaks, allows for the 

differentiation of multiple dolostone phases. 

3.5.1 Sample Preparation 

There are two methods for sample preparation for the data in this study. Samples analysed in chapter 

4.3 were prepared using the old method, as they were run previous to this project starting. 

Existing samples  

Around 4g of sample was hand crushed with deionized water in a pestle and mortar. The resulting 

paste was then smeared onto a glass slide ready to be loaded into the XRD for analysis. 

New samples 

At least 4g of sample is first crushed in a tema mill for 30 seconds to produce a powder. This powder 

was then placed in a McCrone micronizing mill with 10ml of water for 5 minutes. The resulting liquid 

was poured into a petri dish and left to dry overnight in an oven at 50°C. Once the sample was dry, it 

was ground with a pestle and mortar to produce a homogeneous fine powder. 

3.5.2 Cation Ordering and Dolomite Stoichiometry in XRD 

5ƻƭƻƳƛǘŜ ΨƻǊŘŜǊƛƴƎΩ ǊŜŦƭŜŎǘƛƻƴǎ ŀǎ ŘŜǎŎǊƛōŜŘ ōȅ DǊŜƎƎ et al (2015) are related to the cation ordering of 

the Ca and Mg interlayer species. A comparison of these reflections from stoichiometric dolomite 

standards to samples can help identify lattice defects and the disorder of the interlayer cations. 

Summarised beloǿ ŀǊŜ ǘƘŜ ǊŜŦƭŜŎǘƛƻƴǎ ŀƴŘ ΨƻǊŘŜǊƛƴƎΩ ǊŜŦƭŜŎǘƛƻƴǎ ƻŦ ŎŀƭŎƛǘŜ ŀƴŘ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ 

dolomite.

Fig.3.2. Close up of 20-ро нʻ ƛŘŜƴǘƛŦȅƛƴƎ ŘƻƭƻƳƛǘŜ όŘύ ŀƴŘ ŎŀƭŎƛǘŜ όŎύ ōŀǎŀƭ ŀƴŘ ƻǊŘŜǊƛƴƎ όǊŜŘύ ǇŜŀƪǎΦ 

Dolomite ordering can be determined from a comparison of the 110 reflection intensities to the 015 

ΨƻǊŘŜǊƛƴƎΩ ǊŜŦƭŜŎǘƛƻƴ (Goldsmith and Graf, 1958), highlighted in green in Figure 3.2. In this comparison, 
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the 110 reflection is used as it has no c-axis contribution and therefore can provide as a reference for 

the 015 reflection which displays decreasing intensity with increasing disorder. In stoichiometric 

dolomite, the 110 and 015 reflections have similar intensities as a result of Mg and Ca interlayer 

ordering. In non-ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŘƻƭƻƳƛǘŜΣ ǘƘŜ лмр ΨƻǊŘŜǊƛƴƎΩ ǊŜŦƭŜŎtion becomes increasingly 

attenuated in comparison to the 110 reflection as cation disordering increases and more of Ca2+ ions 

substitute for Mg2+ Ǉƻǎƛǘƛƻƴǎ όŀƴŘ ǾƛŎŜ ǾŜǊǎŀύΦ ¢ƘŜ ŘƻƭƻƳƛǘŜ ΨƻǊŘŜǊƛƴƎΩ ǊŜŦƭŜŎǘƛƻƴǎ ŀƭǎƻ ŘŜŎǊŜŀǎŜ ƛƴ 

intensity with an increasing incorporation of Fe2+ in the dolomite structure, replacing Mg cations 

(Goldsmith et al., 1955). At approximately 10 mol% FeCO3, the 101 reflection disappears and all 

ΨƻǊŘŜǊƛƴƎΩ ǊŜŦƭŜŎǘƛƻƴǎ ŘƛǎŀǇǇŜŀǊ ŀǘ ҔϤнрƳƻƭ҈ CŜ/h3 (Goldsmith et al 1962).  

When the distribution of Ca2+ and Mg2+ cations becomes truly random, but the proportions are the 

same, the space grouping of the mineral  changes from Rɋ3 to Rɋ3c, converting to very high 

magnesium calcite (VHMC) (Bradley et al., 1953). Gregg et al (2015) showed that VHMC can be 

ŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ŦǊƻƳ ŘƻƭƻƳƛǘŜ ŀǎ ŀƭƭ ΨƻǊŘŜǊƛƴƎΩ ǊŜŦƭŜŎǘƛƻƴǎ ŀǊŜ ŀōǎŜƴǘΣ ŀƴŘ ǘƘŜǊŜ Ŏŀƴ ōŜ ŀ ƎŜƴŜǊŀƭ 

diffuseness of all reflections. XRD reflections for calcite and stoichiometric dolomite are seen in tables 

3.2 to 3.4. 

Table 3.2 Optical grade Calcite basal reflections between 20-рр ŘŜƎǊŜŜǎ нʻ under Cu Kh radiation: 

Reflection Peak 2 theta position (approximate) d-spacing 

104 29.4 3.04 

102 23 3.86 

006 31.25 2.86 

110 36 2.49 

113 39.3 2.29 

202 43 2.1 

204 47 1.93 

108 47.3 1.92 

116 48.5 1.88 

 

Table 3.3 Stoichiometric Dolomite basal reflections between 20-рр ŘŜƎǊŜŜǎ нʻ under Cu Kh radiation: 

Reflection Peak 2 theta position (approximate) d-spacing 

104 30.9 2.89 

012 24.3 3.66 

006 33.5 2.67 

110 37.4 2.4 

113 41.2 2.19 

202 45 2.01 

024 49.3 1.85 

018 50.6 1.8 

116 51.3 1.78 
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Table 3.4 Dolomite ordering reflections between 20-рр ŘŜƎǊŜŜǎ нʻ under Cu Kh radiation: 

Reflection Peak 2 theta position (approximate) d-spacing 

101 22.1 4.01 

015 35.2 2.55 

021 43.9 2.06 

 

3.6 Major and trace elements   

Major and trace elements can occur within minerals, at crystal boundaries and between lattice 

planes. Trace elements can be incorporated into the crystal lattice by solid substitution, where 

elements of similar ionic radius and charge can replace host ions, fluid or mineral inclusions, occlusion 

in lattice defects or sorption onto crystal surfaces (McIntire, 1963; Banner, 1995). The partitioning of 

a trace element from a liquid phase into a solid lattice phase can be quantitatively represented and 

predicted using the distribution coefficient (kD). A distribution coefficient of <1 discriminates against 

the incorporation of the trace element into the mineral phase, and a value of >1 indicates preferential 

incorporation of the trace element (Banner, 1995). However, the experimental determination of kD 

values for dolomite yield a wide range and so trace element analysis is often used to gain only general 

information on the nature of the diagenetic fluids (Brand & Veizer, 1980; Machel, 1988).  In situ Major 

and trace element analysis was carried out using ICP- AES. The analysed elements include Fe, Mg, Mn, 

Ca, Sr, Al. Further, analysed elements were selected because of their association with mineralisation 

and with burial including cementation Cu, Pb, Zn, Na and Rb were also analysed. ICP analysis was 

conducted using powdered samples of host rock limestone and isolated dolomite phases. Powdered 

samples were treated with 6M HCl for 24 hours to digest the carbonate phases. An aliquot containing 

10 ml of solution was then transferred to an ICP vial. Corresponding samples were drilled from hand 

specimens and their purity checked where necessary by XRD techniques. Trace element 

concentrations were measured using a Perkin-Elmer Optima 5300 dual view ICP-AES with 

reproducibƛƭƛǘȅ ƻŦ лΦм҉ όмˋύΦ  

3.7 Stable isotopes (Carbon and Oxygen)  

Stable isotopes analysis (oxygen and carbon) has been employed to characterise discrete cement 

phases and to help determine the composition of the parent fluid and extent of diagenetic alteration 

following initial precipitation. Isotopes of the same element differ in mass and energy. Where more 

than one isotope occurs, the lighter of the two isotopes is more reactive. The change in ratio of the 

two isotopes during chemical reactions (e.g. cement precipitation) is referred to as fractionation. 
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Moreover, each reaction can be defined by a temperature dependent fractionation coefficient (Emery 

& Robinson, 1993). Abundant stable isotopes with suitable differences in relative masses to enable 

detection include 16O, 18O, 12C and 13C.  Stable isotopes are widely applied to carbonate diagenesis 

studies as they can provide information about the conditions during cement precipitation e.g. 

temperature. The controls on isotope composition, especially oxygen, include composition of the 

parent fluid and the fractionation coefficient between a fluid and solid. The alteration from the parent 

fluid signature can be used to discriminate between fluids sourced from different environments (i.e. 

marine, meteoric or burial) and also the extent of diagenetic alteration (Tucker & Wright, 1990; 

IƻŜŦǎΣ мффтύΦ  Lƴ ŎƻƴǘǊŀǎǘ ǘƻ ƻȄȅƎŜƴΣ ŎŀǊōƻƴ όʵмо/ύ ǊŜǉǳƛǊŜǎ ŦƭǳƛŘ-rock interaction or a change in fluid 

composition/source to alter the isotopic signature (Emery & Robinson, мффоύΦ ʵ мо/ Ŏŀƴ ǇǊƻǾƛŘŜ ŀƴ 

indication of meteoric fluids and soil derived CO2 or CO2 generated during maturation of organic 

matter.  Within this study, orientated samples selected for stable isotope analysis consisted of whole 

rock limestone and dolostone and isolated diagenetic phases from fractures and the walls of 

interparticular and secondary porosity. The samples were chosen based on their diagenetic phase, 

host rock lithology, stratigraphic position and fracture orientation. The diagenetic phases and 

composition of the rock samples were determined by XRD and first pass transmitted light and CL 

petrography. Whole rock samples were chosen based on their dominant composition (e.g. dolomite 

or calcite). Partially dolomitised limestones were not analysed due to a potentially large error 

associated with the correction. In order to reduce cross-contamination from adjacent diagenetic 

phases or host-rock, samples with one or two diagenetic phases and a simple cross-cutting 

relationship were identified and drilled using a 0.05mm drill bit. In addition, the rock sample was 

cleaned between collection of each powder sample using pressurised air and deionised water and the 

drilled bit cleaned using 0.5% HCL. Stable isotope-analysis was conducted at the University of 

Liverpool. Powdered samples (4.5 mg) of host rock and discrete cement phases were acquired using a 

tungsten-tipped precision drill. Samples of calcite were reacted (to completion) with phosphoric acid 

under vacuum, at temperatures of 25 oC (McCrea, 1950). Gases were measured by dualinlet, stable 

isotope ratio mass spectrometry using a VG SIRA10 mass spectrometer. Isotope ratios were corrected 

for 17O effects following the procedures of Craig (1957). Oxygen isotope data were adjusted for 

isotopic fractionation associated with the calcite-phosphoric acid reaction using a fractionation factor 

όʰύ ƻŦ мΦлмлнр όCǊƛŜŘƳŀƴ ϧ hΩbŜƛƭΣ мфттύΦ {ŀƳǇƭŜǎ ǿŜǊŜ Ǌǳƴ ŀƎŀƛƴǎǘ ŀƴ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘ ŀƴŘ ŀƭƭ 

ǊŜǎǳƭǘǎ ǿŜǊŜ ǊŜǇǊƻŘǳŎƛōƭŜ ǘƻ ҌлΦм҈л όнˋύΦ !ƭƭ Řŀǘŀ ƛǎ ǊŜǇƻǊǘŜŘ ǊŜƭŀǘƛǾŜ ǘƻ the VPDB standard.  

¢ƘŜ ǊŜǎǳƭǘǎ ƘŀǾŜ ōŜŜƴ ƛƴǘŜǊǇǊŜǘŜŘ ǳǎƛƴƎ ǘƘŜ ƻȄȅƎŜƴ ŦǊŀŎǘƛƻƴ ŦŀŎǘƻǊ ƻŦ CǊƛŜŘƳŀƴ ŀƴŘ hΩbŜƛƭ όмфттύ ŦƻǊ 

the calcite cements and Land (1983) for the dolomite phases.   

млллƭƴʰ όŎŀƭŎƛǘŜ - water) = 2.78 x (106T-2) ς 2.89 
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млллƭƴʰ όŘƻƭƻƳƛǘŜ - water) = 3.14 x (106T-2) ς 2.00 

3.8 Rare Earth Element analysis (REE)  

Rare earth elements in seawater are most commonly derived from the upper-crust (McLennan, 

мффпύΦ /ƻƴǘǊƻƭǎ ƻƴ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ w99Ωǎ ƛƴŎƭǳŘŜ ǊŜŘƻȄ ǊŜŀŎǘƛƻƴǎΣ ŦǊŀŎǘƛƻƴŀǘƛƻƴ ŀƴŘ ǇŀǊǘƛǘƛƻƴƛƴg 

(temperature), competition, fluid composition and bio/diagenetic influences (op. Cit.). REE analysis is 

often utilised during diagenetic studies in order to better constrain the fluid source(s) for 

ǇǊŜŎƛǇƛǘŀǘƛƻƴΦ w99Ωǎ ŀǊŜ ǊŜƭŀǘƛǾŜƭȅ ǎǘŀōƭŜ ŀƴŘ ǘƘŜǊŜŦƻǊŜ are considered to represent the composition of 

ǘƘŜ ǇǊŜŎƛǇƛǘŀǘƛƴƎ ŦƭǳƛŘΦ {ƛƳƛƭŀǊ ǘƻ ŎŀǊōƻƴ ƛǎƻǘƻǇŜǎΣ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ w99Ωǎ ƻŎŎǳǊǎ ŘǳǊƛƴƎ ŀƭǘŜǊŀǘƛƻƴ ǳƴŘŜǊ 

increased temperatures (diagenesis) and high water: rock ratios. Therefore at low temperatures, in 

ordŜǊ ǘƻ ƳƻŘƛŦȅ ǘƘŜ w99 ǇŀǘǘŜǊƴǎ ǿŀǘŜǊ ǊƻŎƪ Ǌŀǘƛƻǎ ƴŜŜŘ ǘƻ ōŜ ƛƴ ǘƘŜ ƻǊŘŜǊ ƻŦ җмлр ό.ŀƴƴŜǊΣ мфууύΦ Lƴ 

addition to characterising the fluid composition, the abundance, fractionation and anomalies 

indicates the mode of crystallisation and the physio-chemical environments which the fluids 

encountered (Bau & Moller, 1991). These details are invaluable when determining the fluid flow 

ǇŀǘƘǿŀȅǎΦ  {ŜŀǿŀǘŜǊ ǎƛƎƴŀǘǳǊŜǎ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ΨŦƭŀǘ ǊƻƻŦΩ ǘǊŜƴŘǎ ǿƘŜǊŜ ǘƘŜǊŜ ƛǎ ƴƻ ŜƴǊƛŎƘƳŜƴǘ 

ōŜǘǿŜŜƴ ǘƘŜ [w99Ωǎ ŀƴŘ ǘƘŜ Iw99Ωǎ, with a prominent negative Ce anomaly. Negative Ce anomalies 

are common within natural waters such as seawater and fluvial water (Elderfield et al., 1990; Bau & 

Moller, 1991). The negative anomalies within normalised REE patterns are a result of valency changes 

compared to that of its neighbouring ions. Within natural systems the valency changes are controlled 

by redox reactions and Ce anomalies indicative of oxidising, low temperature conditions (Bau & 

Moller, 1991; Haley et al., 2004). Fluids with elevated temperatures are characterised by REE patterns 

ǘƘŀǘ ŘƛǎǇƭŀȅ ŀ ƭŀŎƪ ƻŦ ƴŜƎŀǘƛǾŜ /Ŝ ŀƴƻƳŀƭȅΣ ŜƴǊƛŎƘƳŜƴǘ ƛƴ Iw99Ωǎ ŀƴŘ ǿƘŜǊŜ ǾƻƭŎŀƴƛŎ ƳŀǘŜǊƛŀƭ ƛǎ 

ƛƴǾƻƭǾŜŘ ŀƴ 9ǳ ŀƴƻƳŀƭȅΦ Lƴ ƘȅŘǊƻǘƘŜǊƳŀƭ ǎȅǎǘŜƳǎ Iw99 ŜƴǊƛŎƘƳŜƴǘ ŎƻƳǇŀǊŜŘ ǘƻ [w99Ωǎ Ŏŀƴ ƻŎŎǳǊ 

where the environment if slightly alkaline and of moderate temperature (130oC). Due to the presence 

of the ligands CO32
- and OH-Σ ǿƘƛŎƘ ŦƻǊƳ ǎǘǊƻƴƎŜǊ ŎƻƳǇƭŜȄŜǎ ǿƛǘƘ ǘƘŜ Iw99Ωǎ ǇǊŜŦŜǊŜƴǘƛŀƭ ŘŜǎƻǊǇǘƛƻƴ 

ƻŦ Iw99Ωǎ ǊŜǎǳƭǘǎ ƛƴ ŜƴǊƛŎƘƳŜƴǘ ƛƴ ǘƘŜ ǎƻƭǳǘƛƻƴ ό.ŀǳ ϧ aƻƭƭŜǊΣ мффмύΦ Thus pH is a controlling factor in 

REE transport and inclusion during precipitation. There is also a potential mineralogical control 

ǊŜƭŀǘŜŘ ǘƻ ƛƻƴƛŎ ǊŀŘƛǳǎΣ ŎƘŀǊƎŜ ŀƴŘ ōƻƴŘΦ 5ǳŜ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ƛƻƴƛŎ ǊŀŘƛǳǎ ōŜǘǿŜŜƴ w99Ω{Σ aƎΣ CŜ 

ŀƴŘ /ŀ ŀƭƭ w99Ωǎ ŎƻǇǊŜŎƛǇƛǘŀǘŜ ǿƛǘƘ /ŀ ƳƛƴŜǊŀƭǎ ōǳǘ [w99Ωǎ ŀǊŜ ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ǊŜƧŜŎǘŜŘ ƛƴ aƎ ŀƴŘ CŜ ǊƛŎƘ 

ƳƛƴŜǊŀƭǎ ŜΦƎΦ ǎƛŘŜǊƛǘŜΦ ¢ƘŜ ǎƳŀƭƭŜǊ Iw99Ωǎ ǿƛǘƘ ƘƛƎƘŜǊ ƛƻƴ ŎƘŀǊƎŜǎ ŀǊŜ ƳƻǊŜ ǊŜŀŘƛƭȅ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴ ǘƻ 

the mineral lattices (Morgan & Wandless, 1980; Bau & Moller, 1991). There is expected to be a 

depletion of the absolute REE values from sedimentary carbonates through to burial cements even if 

ǘƘŜ ƴŜƎŀǘƛǾŜ /Ŝ ŀƴƻƳŀƭȅ ƛǎ ǇǊŜǎŜǊǾŜŘΦ !ƭǘŜǊƴŀǘƛǾŜƭȅΣ ƛŦ ǘƘŜ ǇǊŜŎǳǊǎƻǊ ŎŀǊōƻƴŀǘŜǎ ƘŀŘ ōŜŜƴ ƭƻǿ ƛƴ w99Ωǎ 

then an enrichment pattern iƴ aw99Ω{ ŀƴŘ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘ Iw99Ωǎ Ŏŀƴ ōŜ ŀ ǊŜǎǳƭǘ ƻŦ ƭŀǘŜǊ ŀƭǘŜǊŀǘƛƻƴ 
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and fluid:rock interaction. Within this study REE + Y analysis was carried out in order to further 

constrain the source of the fluids responsible for the different dolostone phases. Samples were 

selected that represent each dolostone phase base on petrographic and stable isotope analysis. Due 

to the sample size required (50-100mg) diagenetic phase separation and repeat analysis was not 

possible for all samples.  Powdered samples of host-rock limestone, bulk dolostone and individual 

cement zones were digested in 2ml of 20% HCl before dilution to 2% HCl. In addition, two blank 

samples were prepared in the same way for reproducibility. Corresponding samples were drilled from 

hand specimeƴǎ ŀƴŘ ǘƘŜƛǊ ǇǳǊƛǘȅ ŎƘŜŎƪŜŘ ǿƘŜǊŜ ƴŜŎŜǎǎŀǊȅ ōȅ ·w5 ǘŜŎƘƴƛǉǳŜǎΦ w99Ω{ ŀƴŘ ¸ 

concentrations were measured using ICP-MS with an Agilent 7500cx mass spectrometer. Samples 

ǿŜǊŜ Ǌǳƴ ŀƎŀƛƴǎǘ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘǎ ŀƴŘ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻŦ лΦм҉ όмˋύΦ !ƭƭ ǎŀƳǇƭŜǎ ŀǊŜ ǊŜǇorted in mg/l 

or ug/l (ppm or ppb). All REE results have been PAAS normalised following the methods of Nance & 

Taylor (1976).  

3.9 Strontium Isotope analysis (Sr)  

Strontium isotope analysis is being increasingly employed within diagenetic studies and can provide 

additional constraint on the source of the fluids responsible for precipitation. Sr can be derived 

naturally from seawater and incorporated during carbonate production or it can be provided post-

deposition through re-equilibration with Sr enriched diagenetic fluids. 87Sr and 86Sr are relatively 

heavy isotopes and as a result are less readily fractionated during diagenesis compared with the 

stable isotopes and thus retain the Sr isotopic signature of the parent fluid. 87Sr is derived from the 

radioactive decay of 87Rb, which in turn is commonly found within siliclastic sediments.   Powdered 

whole rock and discrete dolomite cements were obtained using a tungsten-tipped micro-mill 

following the methodology of Charlier et al. (2006) and Pollington & Baxter (2011). Sample purity was 

checked where necessary by XRD. Sr (Oak Ridge 84Sr, 1.1593ppm) and Rb spikes were added to each 

sample to boost the signal. Strontium was extracted from the rock powders for isotopic analysis using 

Sr Spec extraction chromatographic resin. Column preparation and chemical separation were 

conducted following the methodology of Deniel & Pin (2001) and Charlier et al. (2006). Prior to 

analysis the Sr samples were mixed with Tantalum (Ta) emitter solution, loaded on to single Rhenium 

(Re) filaments and subjected to a 2A current. Sr isotope ratios were measured on the British 

Geological Survey (NIGL) Thermo-Finnigan Triton TIMS instrument in static collection mode. An 

internal NBS 987 standard was used for calibration with a reproducibƛƭƛǘȅ ƻŦ ҌлΦм҈л όнˋύΦ 5ǳǊƛƴƎ ¢La{ 

analysis spiked samples are run in the same fashion as unspiked samples. However, the results of 

spiked samples needed to be corrected, off-line, for spike contribution using standard techniques (op. 

Cit.). All results are reported to the NBS 987 standard. 
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3.10 Fluid Inclusion Microthermometry 

Fluid inclusion microthermometry was carried out on selected dolomite and calcite specimens, 

extending the initial calcite cement data set for the Derbyshire Platform collected by Hollis & Walkden 

(2012). Analysis was conducted on a Linkham TH600 heating-freezing stage, controlled by Linksys32 

software and a Linkam TP93 programmer. {ŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŀǎ мрл ˃Ƴ ŘƻǳōƭŜ-polished wafers.  

 

Pre-screening of samples allowed for fluid inclusion assemblages within crystals to be identified. 

Samples were scored on their prospectivity, noting the size, shape, density, fluid:vapour ratios and 

positions of the inclusions within crystals, as outlined in (Goldstein & Reynolds, 1994), to determine if 

the analysis would produce relible data. Care was taken to analyse primary or pseudo-secondary 

inclusions based on careful petrography. Due to the high inclusion density within the replacive phases 

of dolostone in this study, and the small size of fluid inclusions (generally <20um), analysis for each 

phase of dolostone was performed on individual fluid inclusions within the same crystal. These fluid 

inclusions were all determined to be primary fluid inclusions, displaying similar sizes (not varying in 

size greater than 10%) and had similar fluid:vapour ratios, however due to the mottled effect 

observed under CL, it is impossible to tell if they formed at the same time.  

 

Calibration checks were performed using synthetic fluid inclusion standards, and the controller 

reprogrammed if the measured temperatures differed from the known values by more than _+0.1 ~. 

Homogenization temperatures (Th) were determined on 'heating runs' prior to the determination of 

first (Tfm) and final (Tice) ice melting, and hydrohalite melting (Thyd) measurements on 'freezing 

runs'. This prevented homogenization temperatures being artificially elevated due to inclusion 

'stretching' during freezing. For the determination of all phase changes a 'cycling' protocol, 

compatible with the general methodology for the study of fluid inclusions in diagenetic cements 

outlined by Goldstein & Reynolds (1995), was applied, with 13 cycles performed per fluid inclusion. 

This exploits the fact that nearly all phase changes exhibit supercooling phenomena. The phase 

change end-point temperature was approached incrementally, followed by rapid cooling of the 

inclusion. If the end-point of the phase change had not been passed, then the 'disappearing' phase 

(e.g. vapour bubble or ice crystal) returned gradually. If the end point had been passed, the 

disappearing phase typically only returned after considerable supercooling. The errors in 

determination of Th, Tfm Tice and Thyd are controlled by the temperature increment used during the 

approach to the end point of the phase change being measured, and are typically _+5 ~ for Th, +_0.1 

~ for Tice, _+5 ~ for Tfm and _+1 ~ for Thy0. No pressure corrections were made to Th data, because 

it was not possible to unambiguously determine burial depth at the time(s) of precipitation. Owing to 
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the small size of the inclusions, in most cases it proved impossible to acquire measurements of Tfm 

and Thyd, therefore salinities were calculated based on freezing-point depression in the system NaCI-

H20 and are expressed in terms of wt% NaCI equivalent (Roedder 1984). Because of the small sizes of 

the inclusions, the turbid nature of much of the material and the general difficulties inherent in 

working with inclusions in carbonate minerals, it only proved possible to acquire limited data on 

carbonates within, or directly associated with, fractures. 

3.11 PHREEQC 

LƴŦƻǊƳŀǘƛƻƴ ǿƛǘƘƛƴ ǘƘƛǎ ǎŜŎǘƛƻƴ ƛǎ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ tIw99v/ ¦ǎŜǊΩǎ DǳƛŘŜ όtŀǊƪƘǳǊǎǘ and Appelo, 2013), 

unless otherwise stated. PHREEQC is an extremely sophisticated multi-purpose geochemical 

calculation code capable of simulating chemical reactions and 1-dimensional transport processes in 

natural water-rock interaction systems. However, within this thesis its use is confined to simple kinetic 

batch-reactions in a closed system. As such, only this part of the code is described here.  

 

Used in batch-reaction mode, PHREEQC is capable of simulating a wide range of geochemical 

reactions, including mixing of waters, mineral dissolution and precipitation, irreversible and 

incremental reactions, and heating and cooling of a mineral-fluid system. As such, in Chapter 4, it is 

well suited to a model of dolomitising potential of seawater during geothermal convection.  

 

Whilst applicable to many hydro-geochemical environments, there are limitations to the PHREEQC 

geochemical models in this study; 

 

¶ Seawater is unmodified from open ocean compositions constrained by Demicco et al. (2005). 

The sub-basins of the Pennine Basin were not particularly well connected to the open ocean. 

Palaeoecological studies by Stephenson et al. (2008) strongly suggest that, at least in the 

northern sub-basins, during the Namurian, this poor ocean connection could lead to 

significant seawater dilution by river influx. Furthermore, even in more open systems, 

evaporation in areas distant from the open sea may be sufficient to drive local changes in 

seawater salinity Whitaker and Smart (1990). Therefore it is possible that sub-basin restriction 

throughout the Pennine Basin may have led to higher seawater salinities by evaporation. 

 

¶ The simulation only considers a limited number of minerals. PHREEQC requires that all 

minerals that may form are explicitly stated within the. It calculates the saturation indices for 
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many unspecified minerals, but these are not allowed to form unless stated. The input for 

simulations in this study only allows the formation of dolomite and calcite. 
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4.1 Abstract 

Fault-controlled dolomitization has been well studied and described in Lower Carboniferous (Viséan) 

platform carbonates at various localities in the Pennine Basin and North Wales. The largest of these 

bodies (>50km2) occurs on the Derbyshire Platform, on the southern margin of the Pennine Basin. 

This study tests the hypothesis that early post-rift dolomitization occurred on the southern margin of 

the Derbyshire Platform, based on petrographical, stable isotopic and trace element proxies. Results 

show that dolostone is formed of planar, fabric-retentive dolomite with single-phase (i.e. low 

temperature) fluid inclusions.  It occurs along NW-SE and E-W orientated faults, but only within 

coarse-grained, platform margin facies and in proximity to the Masson Hill Igneous centre. Oxygen 

ƛǎƻǘƻǇŜ Řŀǘŀ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŘƻƭƻƳƛǘƛȊŀǘƛƻƴ ŦǊƻƳ ǎŜŀǿŀǘŜǊ όʵ18O dolomite = -4 to -2҉ύΣ ōǳǘ ʵ13C 

values (-2.7 to +0.8҉) are lighter than penecontemporaneous seawater (determined by d13Cunaltered 

brachiopods =+2҉). This could be explained by a contribution of meteoric geothermal fluids mixing with 

seawater during dolomitization, and an input of CO2 from degassing intrusive volcanics during the 

early post-rift.  Results show that fluid circulation on the platform margin during the early post-rift 

was driven by active intrusive volcanism. The alteration of the early post-rift volcanics provided a 

source of Mg2+, making dolomitization kinetically favourable. This fluid interaction also resulted in an 

altered dolostone HREE profile, preserved due to high fluid-rock ratios. This previously undescribed 

model of dolomitization is key to explaining the anomalously large quantity of dolomitization 

observed on the Derbyshire Platform. This has implications to other carbonate platforms where 

dolomitization is interpreted as fault-controlled, as it is often difficult to unequivocally identify the 

source of fluids and Mg2+ to explain the in-place volumes of dolostone.   

mailto:catherine.breislin@manchester.ac.uk
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4.2 Introduction 

Geothermal convection on carbonate platform margins can lead to dolomitization by supplying mass 

transport of magnesium over long periods and at temperatures high enough to overcome the kinetic 

limitations to dolomitization from ambient seawater (e.g. Wilson et al., 2000; Whitaker and Xiao 

2010). Fault-controlled dolomitization formed in association with syn-rift igneous activity, where Mg2+ 

for dolomitization was supplied by volcanics has been described in two locations. On the Latemar 

platform (Triassic, Italy), where dolomitization was the product of seawater interaction with mafic 

dykes emplaced into the platform (e.g. Zheng, 1990; Carmichael and Ferry, 2008; Blomme et al., 

2017; Jacquemyn et al., 2017) and the Levant region (Jurassic, Lebanon) by ŦǊŀŎǘǳǊŜ ƅƻǿ ŀƭƻƴƎ ǘƘŜ 

faults and a locally high geothermal gradient associated with Late Jurassic volcanism (Nader, 

Swennen, and Ellam 2004).  

The Derbyshire Platform, located at the southern margin of the Pennine Basin (Fig.1), comprises 

Lower Carboniferous (Viséan) platform carbonates deposited in a back-arc extensional regime (Fraser 

& Gawthorpe, 2003). In the Pennine Basin and North Wales, UK, fault-controlled dolostone bodies are 

developed on the margins of Mississippian carbonate platforms that grew on the rotated footwalls of 

normal faults and a basement of Lower Palaeozoic metasediments (Fig.1). The formation of these 

bodies has been well described (Schofield & Adams, 1996; Gawthorpe, 1987; Fowles, 1987; Ford, 

2002; Hollis & Walkden, 2002; 2012; Bouch et al., 2004; Frazer et al., 2014; Frazer, 2014; Juerges et 

al., 2016), and all are interpreted to occur during the onset of Variscan compression.  

Fig.1: Tectono-stratigraphy for the 
Mississippian of Southern Britain, 
after Fraser & Gawthorpe (2013); BH- 
Bowland High; BT- Bowland Trough; 
CLH- Central Lancashire High; DF- 
Dent Fault; DP- Derbyshire Platform; 
FHF- Flamborough Head Fault; GT- 
Gainsborough Trough; HdB- 
Huddersfield Basin; HB- Humber 
Basin; LDH- Lake District High; MCF- 
Morley-Campsall Fault; MH- Manx 
High; NCF- North Craven Fault; PF- 
Pennine Fault; SF- Stublick Fault; WG- 
Widmerpool Gulf. Approximate 
locations of dolostone bodies on the 
margins of carbonate platforms are 
indicated by the red arrows, with the 
yellow box highlighting the position 
of the Derbyshire Platform, the focus 
of this study. 
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These bodies are associated with deep-seated Caledonian faults that were reactivated during 

Carboniferous extension and basin inversion during the Variscan Orogeny, and which are interpreted 

to have controlled the geometry of the platform margins (Fraser and Gawthorpe, 2003). Dolostone is 

also observed within basinal sediments (Gawthorpe, 1987) and within early rift sediments (Cope, 

1973; Dunham, 1973; Chisolm & Butcher, 1981; Aitkenhead et al., 1985; Chisholm, et al., 1988). 

The Derbyshire Platform hosts the largest volume of dolostone of all the platforms in the Pennine 

Basin, extending for ~50km2 (Ford, 2002) compared to ~8km2 on the North Wales Platform (Juerges et 

al., 2016) and ~20km2 on the Askrigg Platform and Craven Basin (Hollis & Walkden 2012). Despite its 

volume, however, there is still a lack of consensus as to the mechanism by which it formed.  Fowles 

(1987) proposed dolomitization by downward-seeping brines in the Permo-Triassic whilst Ford (2002), 

Hollis and Walkden (2012) and Frazer et al., (2014), proposed dolomitization, at least in part, from 

basinal brines expelled from juxtaposed hanging wall basins.  Similar models have been proposed for 

other platforms (Gawthorpe, 1987; Bouch et al., 2004; Juerges et al., 2016). In all cases, 

dolomitization appears to be associated with major basement fault zones. Nevertheless, Frazer (2014) 

and Frazer et al. (2014) recognised that sufficient fluid volumes to explain the volume of dolostone 

could have been supplied along faults from the juxtaposed basinal sediments, but geochemical 

(PHREEQ) models indicates these fluids contained insufficient Mg. Reactive transport models show 

that dolomitization could have occurred by geothermal convection of seawater along faults during 

platform growth, driven by the active volcanism (Frazer, 2014), but to date there has been no 

petrographical or geochemical evidence to support this hypothesis.  

This study forms part of a larger research investigation onto understanding the timing and fluids 

responsible for the formation of dolostone on the Derbyshire Platform. Here we test the hypothesis 

that there was an early post-rift phase of dolomitization from seawater, through detailed fieldwork, 

core logging, petrography (PL, CL, and UV), geochemistry (XRD, ICP-MS, stable carbon and oxygen 

isotopes, strontium isotopes) and geochemical modelling using PHREEQC.  

4.3 Geological Setting 

4.3.1 Stratigraphy 

During the Viséan, back-arc extension north of the Variscan Orogeny, and subduction of the Rheic 

Ocean, was the major control on sedimentation within the Pennine Basin with topography controlled 

through the reactivation of pre-existing (Caledonian) NE-SW, SW-NE trending faults (Fraser & 

Gawthorpe, 2003). During this period, carbonate platforms developed on the footwalls of reactivated 

Caledonian basement faults (Fraser & Gawthorpe, 2003). The juxtaposed hanging wall basins were 
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filled progressively by pelagic and transported sediment during the Viséan-Serpukhovian, until the 

basin was uplifted and eroded to a peneplain and dissected in the Bashkirian- Moscovian by fluvio-

deltaic systems. 

 

Fig.2: A)Geological map of the Derbyshire Platform; B) Detailed geological map of the Masson Hill area 
Sample localities and boreholes are identified on the maps; 1 -Harborough Rocks; 2- Carsington 
Pastures; 3- Hopton Tunnel; 4- Brassington Moor Quarry; 5- Ryder Point Quarry; 6- Wapping Mine; 7- 
Upper Wood; 8- Temple Mine; 9- Coal Pit Rake; 10- Cromford; 11- Masson Hill; 12- High Peak Quarry; 
13- Wyns Tor; 14- Grey Tor; 15- Golconda Mine; 16- Devonshire Cavern; 17- Masson Cavern; 18-
Gurdall Wensley borehole; 19-Four Lanes End borehole; 20- Bottom Lees Farm borehole; 21, Gratton 
Dale 

The focus of this study is the southern margin of Derbyshire Platform (Fig.2). This area is composed of 

Viséan platform carbonates and syn-depositional, extrusive volcanics (Fig.2). The oldest exposed 

platform carbonates comprise the Woo Dale Limestone Formation, of Holkarian age. This is a 

succession of 105m thick, massive, fined grained, porcellaneous limestones with a base of sandy 

dolostone (Fig.3). 
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Overlying the Woo Dale Limestone 

Formation, the Asbian Bee Low 

Limestone Formation is composed of 

75m of massive calcarenites, oolites 

and porcellaneous beds. The Brigantian, 

Monsal Dale Limestone Formation 

limestones are at least 75 m thick, 

composed of grey to dark grey granular 

limestones, and often containing chert 

(Aitkenhead and Chisholm, 1982; 

Chisholm et al., 1983). The limestone 

beds are separated by several volcanic 

dust tuff layers, one of which reaches 

0.8 m in thickness at Masson Hill (Ford, 

2001). The youngest carbonate 

sediments on the platform are the 

Eyam Limestone Formation limestones, 

also of Brigantian age. They are formed 

of thin, shelly limestones with shale 

partings but in places these pass into 

mud mounds, locally called reefs (Ford, 

2001).  

Fig.3: Chronostratigraphic framework for the Carboniferous of the Derbyshire platform. Ages derived 
from Gradstein et al. (2004); Seismic sequences from Fraser et al. (1990). 

The total thickness of the Eyam Limestone Formation varies from 20 to 100m where mud-mounds are 

developed. The summit and western slopes of Masson Hill have a sill intrusion of dolerite (320-320 

Ma) of unknown form and depth, bordered by two small patches of agglomerate (Ford, 2001). 

Conformably overlying the Viséan succession is the Serpukhovian Millstone Grit Series, the total 

thickness is approximately 500m, with the final total of Upper Carboniferous cover being at least 

1500m and may have exceeded 2000m (Smith et al., 1967; Aitkenhead et al., 1985). 

4.3.2 Volcanism 

Igneous activity during the Carboniferous was widespread across the UK from the early Viséan to the 

late Moscovian associated with lithospheric stretching, causing regional tension and rift formation 

(McKenzie, 1978; Macdonald et al., 1984). On the Derbyshire Platform, extrusive volcanism was 
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dominant in the Viséan (345-325 Ma) before becoming intrusive in the Serpukhovian (325-310Ma) 

(Macdonald et al, 1984). On the Derbyshire Platform, extrusive volcanism during the Viséan was 

ŎƻƴŎŜƴǘǊŀǘŜŘ ŀǊƻǳƴŘ ǘǿƻ Ƴŀƛƴ ŜǊǳǇǘƛǾŜ ŎŜƴǘǊŜǎΣ aŀǎǎƻƴ Iƛƭƭ ŀƴŘ aƛƭƭŜǊΩǎ 5ŀƭŜ όaŀŎŘƻƴŀƭŘ et al., 

1984). The southern volcanic centre, concentrated at Masson Hill and has two major associated lavas 

(Macdonald et al., 1984); Lower Matlock Lava (330.9 ς 329 Ma), which forms the stratigraphic 

boundary between the Asbian and Brigantian and the Upper Matlock Lava (330.9 ς 329 Ma) 

(Macdonald et al., 1984). Away from the volcanic centre, volcanic ash is seen along karstic surfaces 

associated with this volcanism (Walkden, 1972).  The  mainly  tholeiitic  magmas  were  generated by  

varying  degrees of partial  melting of heterogeneous  mantle  sources  followed by fractional  

crystallization  and final equilibration mainly  within  the  lower  crust.  Large, high-level magma 

chambers were not established. Even single lava sequences, such as the Miller's Dale Lava, represent 

several, isolated magmatic phases.  

The Lower Matlock Lava is a composite of several lava flows and tuffs, overlying the Bee Low 

Limestones (Chisholm et al., 1983) and is often taken as the boundary between the Asbian and 

Brigantian (Fig.3). The combined flows are about 45m thick, but reach 90m thick on Masson Hill 

(Dunham, 1952; Ixer, 195) where the lava appears to be in contact with the Bonsall dolerite intrusion 

(Ford, 2001). The thickness of the lava decreases to both north and south from Masson Hill. The 

Upper Matlock Lava lies in the centre of the Monsal Dale Limestones, reaching 36m in thickness 

(Smith et al., 1967; Ixer, 1978) and averages 10-15m elsewhere (Hurt, 1968). 

The geochemistry of the lavas indicates that volcanism was intra-plate and of tholeiitic affinity 

(Macdonald et al., 1984). They are composed of highly altered, fine-grained, vesicular, olivine-phyric 

and aphyric basalt and are thin, typically a few tens of metres thick, but with some discrete flows up 

to 42 m thick (Francis 1970) and multiple flows in places (Walters & Ineson 1981; Macdonald et al., 

1984). Trace element abundances from Macdonald et al. (1984) show that both the lavas and the sills 

are enriched in light-REE (LREE) in comparison to the heavy-REE (HREE), with chondrite-normalized 

Ce(CeN) = 19-70, and YbN = 6-8. (Macdonald et al., 1984). Alteration of the primary igneous 

mineralogy likely resulted in the mobilisation of Si, Ca, Mg, Na, K, Ba, Rb and Sr. The elements Zr, Nb, 

Y, Ti and P within basaltic rocks are stable during alteration (e.g. Pearce & Cann, 1973; Floyd & 

Winchester 1975; Pearce & Norry 1979) with Rb mobilized, and Sr displaying some mobilization 

(Macdonald et al., 1984). 

Intrusive sills within the Masson Hill area, the Ible and Bonsall Sills, are dated to be Namurian (325-

310) and are medium to coarse-grained olivine dolerites (Macdonald et al., 1984). They commonly 

have altered olivine phenocrysts, ophitic intergrowths of clinopyroxene and plagioclase, and an 
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absence or rarity of vesicles and amygdales (Macdonald et al., 1984). Smith et al., (1967) described 

the sills as commonly having serpentinized olivine phenocrysts set in a sub-ophitic or ophitic 

intergrowth of generally fresh clinopyroxene (augite) and plagioclase (labradorite). Accessory minerals 

include Fe-Ti oxide and apatite in a microcrystalline matrix, with plagioclase and secondary chlorite. 

Accessory nepheline was been recorded from the Bonsall Sill (Smith et al., 1967). 

4.3.3 Dolomitization 

Dolostone on the Derbyshire Platform occurs as two geobodies; one proximal to the southern 

platform margin, whilst the other is elongate, following the NW-SE Cronston-Bonsall fault in the west, 

and associated with the Masson Hill volcanic centre in the east (Fig.2).  

Hollis and Walkden (2002) constructed a conceptual model of compactional fluid flow as a result of 

overpressure release to explain the distribution of fracture-controlled calcite cementation and 

associated hydrocarbon, galena, fluorite and barite mineralization. Dolomitization precedes these 

events, and Hollis and Walkden (2012) proposed that it occurred during the earliest phases of fluid 

expulsion from the hanging wall basins. Current models invoke dolomitization through geothermal 

convection of seawater along faults during platform growth, facilitated by active volcanism at that 

time (Frazer, 2014).  

4.3.4 Structure  

Situated on the southern margin of the Derbyshire Platform, the field area is dissected by the 

Cronkston-Bonsall Fault, a deep-seated crustal NW-SE orientated fault, which extends approximately 

20km to the NW towards Buxton (Fig.2). It is slightly sinuous and locally compound in nature, with 

several parallel faults. Within the Masson Hill area, there are several E-W orientated strike-slip faults 

with horizontal slickensides providing evidence of lateral movement (Firman, 1977).  

The Masson Hill volcanic centre is formed on the crest of a plunging E-W orientated anticline (Fig.2). 

The Masson anticline extends from Bonsall Moor, through the summit of Masson Hill and across the 

Derwent Gorge, with the High Tor reef at its crest (Ford, 2001). On the North and East sides of the 

anticline, the limestone, weathered volcanic ash layers and weathered lavas are seen to dip at 25-30 

degrees, however, the south side dips up to 45 degrees (Ford, 2001). This anticline is interpreted to 

have grown from the Viséan, with shallow-water mud-mounds formed in its crest, and remained a 

topographic high in the early Namurian (Ford, 2001).  

4.3.5 Mineralization 

The Carboniferous Limestone of the Derbyshire Platform hosts economic quantities of Pb-Zn-F-Ba 

mineralization, classified as Mississippi-Valley-Type (MVT) ore deposits (Ixer and Vaughan, 1993; Ford 
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& Quirk, 1995), which are seen hosted within dolostone and within fractures cross-cutting the 

dolostone and limestone. The presence of ore bodies within igneous rocks and localized beneath 

lavas (Walters & Ineson, 1980) suggests the igneous bodies acted as aquicludes, as well as hosts to 

the mineralization (Walters & Ineson, 1980; Ford 2001). Mineralization within the Lower 

Carboniferous of the Derbyshire Platform is reported to commonly occur at dolostone/limestone 

boundaries, indicating a spatial association of dolostone reaction fronts and mineralization (Ford, 

2001).  

4.3.6 Diagenetic Framework of the Derbyshire Platform 

The Viséan succession of the Derbyshire Platform displays a complex, but well-constrained diagenetic 

history, from syn-sedimentary to late-burial cementation (Gutteridge, 1987, 1991; Walkden & 

Williams, 1991; Hollis, 1998; Hollis & Walkden, 2002). Four major phases of calcite cementation 

(Zones 1-4) have been described by Walkden and Williams, (1991), which precipitated within 

carbonate pore spaces and fractures. Zones 1 and 2 are the result of meteoric phreatic diagenesis, 

Zone 3 is the major pore filling phase, volumetrically, and is interpreted to have precipitated in the 

shallow burial realm from groundwater which was driven down depositional dip by topographic flow 

from the East Midlands Platform (Walkden and Williams, 1991). Zone 4 cements are the final pore 

filling phase and have been subdivided into a number of subtypes within fractures (Hollis & Walkden, 

1996 & 2002; Hollis, 1998). These Zone 4 cements are interpreted to have co-precipitated with 

fluorite, sulphates and sulphides that are mined within the region and hydrocarbon (Hollis and 

Walkden, 2002). 

4.4 Methods 

15 Outcrops, 5 mines and 3 bore holes (Fig.2) within the Asbian to Brigantian succession of the 

Matlock area were investigated by geological mapping and core logging, with detailed petrographic 

analysis of thin sections. Each locality was sampled systematically to cover the stratigraphy and range 

of lithofacies. The core was logged for macroscopically visible textural (grainsize), compositional 

changes, sedimentary features, skeletal content and diagenetic features. A total of 53 polished thin 

sections were prepared from resin-impregnated subsamples.  

All thin sections were examined using optical transmitted light and CL microscopy. All thin sections 

were scanned using an EPSON Perfection V600 Photo at 2400dpi resolution. Optical microscopy was 

undertaken using a Nikon Eclipse LV100NPOL microscope fitted with a Nikon DS-Fi2 camera. CL 

ƻōǎŜǊǾŀǘƛƻƴǎ ǿŜǊŜ ƳŀŘŜ ǳǎƛƴƎ ŀ /L¢[ //[ унлл aƪо ΨŎƻƭŘΩ optical cathodoluminescence system 
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coupled with a Progress C10 Laser Optik digital photographic system. Operating conditions for CL 

were set to 10 kV and 300µA at a pressure of c. 0.2torr and maintained by microcomputer control. 

XRD was conducted on powdered samples, acquired using a precision drill for analysis. These were 

then prepared following the methodology of (Charlier et al., 2006). The analysis was carried out using 

a Bruker D8Advance diffractometer within the University of Manchester. A tube voltage of 40 kV and 

a tube current of 40 mA, with a step size of 0.02º and time constant of 2.00 s was employed, using 

copper k alpha 1 radiation. Semi-quantitative estimations of bulk mineralogy fractions were carried 

out using peak area measurements (sensu Schultz, 1964). All results contain an analytical error of 

0.05.% 

ICP-MS analysis was conducted on powdered samples of host-rock limestone, bulk dolostone and 

individual cement zones. These were digested in 2ml of 20% HCl before dilution to 2% HCl. In 

addition, two blank samples were prepared in the same way for reproducibility assessment. 

Corresponding samples were drilled from hand specimens and their purity checked where necessary 

ōȅ ·w5 ǘŜŎƘƴƛǉǳŜǎΦ w99Ω{ ŀƴŘ ¸ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ L/t-MS with an Agilent 7500cx 

Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘŜǊΦ {ŀƳǇƭŜǎ ǿŜǊŜ Ǌǳƴ ŀƎŀƛƴǎǘ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘǎ ŀƴŘ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻŦ лΦм҉ όмˋύΦ !ƭƭ 

samples are reported in mg/l or ug/l (ppm or ppb). All REE results have been PAAS normalised 

following the methods of Nance & Taylor (1976). 

Stable isotope analysis was conducted on powdered samples of host dolomite, host calcite, 

brachiopods and discrete cement phases, acquired using a tungsten-tipped dentist drill. Samples of 

calcite were reacted (to completion) with phosphoric acid under vacuum, at temperatures of 25oC 

(sensu McCrea, 1950). Gases were measured by dual-inlet, stable isotope ratio mass spectrometry 

using a VG SIRA10 mass spectrometer. Isotope ratios were corrected for 17O effects following the 

procedures of Craig (1957). Oxygen isotope data were adjusted for isotopic fractionation associated 

with the calcite-ǇƘƻǎǇƘƻǊƛŎ ŀŎƛŘ ǊŜŀŎǘƛƻƴ ǳǎƛƴƎ ŀ ŦǊŀŎǘƛƻƴŀǘƛƻƴ ŦŀŎǘƻǊ όˋύ ƻŦ мΦлмлнр όCǊƛŜŘƳŀƴ ϧ 

hΩbŜƛƭΣ мфттύΦ {ŀƳǇƭŜǎ ǿŜǊŜ Ǌǳƴ ŀƎŀƛƴǎǘ ŀƴ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘ ŀƴŘ ŀƭƭ ǊŜǎǳƭǘǎ ǿŜǊŜ ǊŜǇǊƻŘǳŎƛōƭŜ ǘƻ 

ҕлΦм҉ όнˋύΦ !ƭƭ Řŀǘŀ ƛǎ ǊŜǇƻǊǘŜŘ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ±t5. calcite standard. 

Strontium isotopic analysis was conducted on powdered whole rock and discrete dolomite cements 

obtained using a tungsten-tipped micro-mill following the methodology of Charlier et al., (2006) and 

Pollington & Baxter (2011). Sample purity was checked where necessary by XRD. Sr (Oak Ridge 84Sr, 

1.1593ppm) and Rb spikes were added to each sample to boost the signal. Strontium was extracted 

from the rock powders for isotopic analysis using Sr Spec extraction chromatographic resin. Column 

preparation and chemical separation were conducted following the methodology of Deniel & Pin 

(2001) and Charlier et al., (2006). Prior to analysis the Sr samples were mixed with Tantalum (Ta) 



 
 

Page | 70  
 

emitter solution, loaded on to single Rhenium (Re) filaments and subjected to a 2A current. Sr isotope 

ratios were measured on the British Geological Survey (NIGL) Thermo-Finnigan Triton TIMS 

instrument in static collection mode. An internal NBS 987 standard was used for calibration with a 

ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻŦ ҌлΦм҈л όнˋύΦ 5ǳǊƛƴƎ ¢La{ ŀƴŀƭȅǎƛǎ ǎǇƛƪŜŘ ǎŀƳǇƭŜǎ ŀǊŜ Ǌǳƴ ƛƴ ǘƘŜ ǎŀƳŜ ŦŀǎƘƛƻƴ ŀǎ 

unspiked samples. However, the results of spiked samples needed to be corrected, off-line, for spike 

contribution using standard techniques. All results are reported to the NBS 987 standard. 

PHREEQC version 3 (see Chapter 3 for more details) was used to produce a geochemical model of 

dolomitization through seawater. Thermodynamic data to represent the simulation mineral 

assemblage was primarily obtained from the Lawrence Livermore National Laboratories (LLNL) 

thermodynamic database. The seawater fluid chemistry for Carboniferous seawater is constrained 

from the results of seawater evolution models by Demico et al. (2005).  

4.5 Results 

4.5.1 Structural Development of the Derbyshire Platform 

The structural lineaments on the Derbyshire Platform are predominantly NW-SE and NE-SW 

orientated crustal faults, with associated E-W and N-S trending faults that form as splays (Fig.2). On 

the south of the Derbyshire platform, the Cronkston-Bonsall fault is a major NW-SE, deep-seated 

crustal fault, which extends approximately 20km from the NW (near the town of Buxton), to the 

Masson Hill area in the SE (Fig.2). It is slightly sinuous and locally compound in nature, with several 

parallel faults and associated splays. 
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Fig.4: View looking north east of east-west-trending cliff section up to 15m high with car (Nissan Note) 
4.1m long, approximately 3m away from the cliff face. The fault-network consists of two sets of faults: 
Set 1) E-W orientated faults, highlighted in yellow, filled, planar, gently dipping (0ς10°) faults of 5m+ 
length, 1-10cm width, and 1-6m spacing Set 2) E-W orientated faults, highlighted in red, filled, planar, 
gently dipping (0ς10°) faults of 5m+ length, 1-30cm width, and 1-6m spacing. 

At Cromford, within the Masson Hill area, there are several E-W orientated faults formed as splays to 

the NW-SE Cronkston-Bonsall fault, with horizontal slickensides providing evidence of lateral 

movement (Fig.4). There has been dolomitization of the wall rock forming a halo to these E-W faults, 

as well as dolomite cement forming within breccias in these E-W faults (Fig.4, Fig.5). This dolomite 

cement is cross-cut by mineralisation (Fig.6). E-W faults host minor quantities of calcite, fluorite, 

barite and minor galena along the fault plane, which display slickenlines, indicating strike slip 

movement (Fig.6). 

Fig.5: Dolostone D1 forming cement 
in a fault breccia in Wapping mine 
(C). Host rock is dolomitized (H), as 
are rotated wall fragments within the 
fault breccia (B) 

 

 

 

 

 

N-S faults are seen to cross-cut the E-W orientated faults, and have an associated phase of dolostone, 

which forms a halo around the faults up to 50cm in diameter (Fig.6). Hydrobrecciation is commonly 

observed along these N-S faults, but not along the E-W faults (Fig.6). The matrix to the breccia 

commonly contains galena and fluorite mineralisation. These N-S faults also display slickenlines, 

indicating strike-slip movement, and host greater quantities of MVT-style mineralisation than the E-W 

orientated fractures.  

At the intersection of E-W and N-S faults, large cavities up to a metre in diameter are filled with 

calcite, fluorite and barite (Fig.6). 

C 
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Fig.6: Mineralisation, dedolomitization and large calcite crystals within dissolution cavity formed at the 
intersection of E-W and N-S faults in Cromford; A) Multiple generations of mineralisation along fault 
surface including 1) Baryte 2)Dedolomite 3)Large scalendohedral calcite crystals; B) Dedolomite 
(orange) and Mn (grey) mineralisation; C) Orange large scalendohedral calcite crystals at centre of 
fracture 

4.5.2 Distribution of Dolostone ς Structural and Stratigraphic Relationships 

Both fabric-selective, stratabound dolomitization and fabric destructive, non-stratabound 

dolomitization have been observed in the field. The fabric-selective, stratabound dolomitization is 

observed within platform margin facies, as well as forming halos of dolostone to the E-W faults. Non-

stratabound, fabric destructive dolomitization occurs along NW-SE trending crustal faults and forms 

dolostone halos to N-S faults (Fig.6). Petrographical observations have revealed 5 phases of 

dolomitization (Table.1), with the fabric selective, stratabound dolomitization occurring as the first 

phase (D1). This study has focused on the D1 phase. 
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Fig.7: Geological map showing the Dol type distribution on the platform; D1, the focus of this study is 

seen to be concentrated at the platform margin, and around the Masson Hill Igneous Centre. Later 

phase D2 is concentrated along the Cronkston-Bonsall NW-SE crustal fault. Phases D3, D4 and D5 are 

volumetrically insignificant and cannot be represented on this scale.  

 

Table 1: Summary of the 5 dolostone phases identified on the Derbyshire platforms and their structural 
relationships 

The first dolostone phase, D1, occurs within platform margin grainstones and packstones at a number 

of localities along, or close to, the platform margin (Fig.7).  In outcrop, D1 dolostone has a buff-grey, 

sucrosic texture. It is fabric preserving at outcrop scale, cross-cut by stylolites and mouldic and vuggy 

porosity is visible.  Where the dolostone is overprinted by later phases of dolostone, the fabric 

changes, creating a finer grey coloured texture, with lower visible porosity (Fig.8). Reaction fronts for 

Phase Distribution Morphology Structural RelationshipsVolume of Total Dolostone

D1 Stratabound Replacive E-W 50%

D2 Non-Stratabound Replacive NW-SE 40%

D3 Non-Stratabound Replacive N-S <10%

D4 Non-Stratabound Cement NW-SE, N-S, NE-SW <5%

D5 Non-Stratabound Cement NW-SE, N-S, NE-SW <5%
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D1 dolostone within platform margin facies are diffuse, with patchy dolomitization occurring up to 3m 

away from the main dolostone geobody (Fig.7).  

 

Fig.8: Dolostone Texture: A) Sucrosic, buff-grey dolostone within platform margin facies. Horizontal 
stylolites are seen to cross-cut dolostone (S). Around cross-cutting fractures, there is a texture change 
to grey-fine crystalline dolostone. This is overprinting by later dolostone phases (O); B) Partial 
dolomitization of limestone, orange patches are where partial dolomitization of the limestone has 
occurred (D) 

Geological mapping of D1 dolostone indicates that it is evident in two main areas; Harborough Rocks 

area on the southern platform margin, and the Matlock area, towards the south east platform margin 

(Fig.7). From mapping and cross-sections of field and core data, D1 is estimated to form 50% of the 

total volume of dolostone on the Derbyshire Platform (Fig.7) 

The Harborough Rocks area on the southern platform margin has the thickest mapped dolostone, 

with D1 dolostone observed down to approximately 120 m below the Asbian-Brigantian boundary, 

within Golconda Mine. Farther away from the platform margin, the depth of D1 extends on average 

up to 40 m below the surface (as observed from core data). D1 dolostone also occurs within isolated 

reef mounds within the platform interior at Wyns Tor and Grey Tor (Fig.2) and adjacent to extrusive 

Viséan lavas within the Matlock volcanic centre (Fig.7). Harborough Rocks preserves a succession of 

platform margin facies, all of which have been pervasively dolomitized. At the base, the facies display 

slumping and syn-sedimentary deformation. Higher up in the sequence, bioturbation and 

Thelassinoides burrows are observed, and at the top of the sequence, crinoid and coral grainstones 

dominate (Fig.9). At outcrop scale, dolomitization is fabric preserving, with sedimentary structures 

(bedding, cross bedding, laminations, cross laminations), bioturbation (Thalassinoides burrows) and 

mouldic porosity (formed from crinoid ossicles and corals) preserved, facilitating field logging.  
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Fig.9: Facies analysis of Harborough Rocks. 
Harborough rocks is the largest outcrop in 
the field area, and is fully dolomitized. 
However it is fabric-preserving at outcrop 
scale, allowing for logging and  facies 
analysis. The facies identified indicate this 
is a platform margin succession; A) 
Brachiopod Wackestone. Deposited directly 
above a karstic surface (red line) in the 
Brigantian, this facies demonstrates 
deposition in lower light levels due to the 
reduction in diversity and transition to a 
heterotrophic assemblage; B) Brachiopod-
Coral Grainstone. The faunal diversity 
found within the facies, as well as the 
composition, coarse texture and preserved 
sedimentary structures allows the 
depositional environment for this unit to be 
interpreted to be on the reef, or fore reef in 
a high energy environment; C) Bioturbated 
Skeletal Packstone. This facies occur 
stratigraphically above the Deformed 
Coral-Bearing Floatstone.  It  is pervasively  
bioturbated by Thalassinoides burrows. The 
depositional environment of this facies is 
interpreted as upper slope, due to the syn-
sedimentary deformation; D) Deformed 
coral-bearing Floatstone. This facies 
accumulated in a slope setting, with 
material, including shell and coral 
fragments shed off the stratigraphically 
higher facies onto the slope. Syn-
sedimentary deformation of the beds 
occurred as this material built up and 

slumped down slope. 

Within the Matlock area, D1 is strongly stratabound, forming both above and below the Upper and 

Lower Matlock Lavas, and above tuffs, as well as being confined to intervals above or below exposure 

surfaces. Mineralization is observed forming at the contact between dolostone and limestone, as well 

as along exposure surfaces (Fig.10). In Wapping Mine, located in the centre of the Matlock Volcanic 

Complex, dolostone both replaces limestone, and forms a white, opaque cement within a fault 

breccia along an E-W orientated fault (Fig.5). Using outcrop and core data the distribution of the D1 

dolostone was determined. 
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Fig.10: Relationship of dolomitization with lavas and mineralization; A) Dolomitization above the 
Lower Matlock Lava (Lavas, Altered) and associated Tuff. Lavas are heavily altered, showing a green 
colour. Contact between the Lava and the Tuff is sharp (arrowed) whilst the boundary between he tuff 
and dolostone is diffuse. Dolostone D1 is buff-grey above the lavas; B), Calcite, Baryte and Galen 
mineralisation at dolostone-limestone boundary within Masson Cavern, arrowed. 

4.5.3 Petrographic and Crystallographic Characterisation of D1 Dolostone 

In thin section, D1 dolostone is fabric destructive with dolomite crystal size preserving a subtle fabric 

as finer crystals occur within packstone facies compared to grainstone facies. It is composed of clean, 

limpid, planar-e to planar-s dolostone rhombs. The coarsest dolomite crystals are within allochem-rich 

grainstones towards the platform margin (Fig.11), and crystal size is reduced where replacement of 

micrite matrix occurred (Fig.11). Crystal size varies from 0.4 to 1.3mm in diameter and crystals 

become more euhedral as crystal size increases (Fig.11). Fluid inclusions within these crystals are 

single phase. Where dolomitization is incomplete, individual dolomite crystals form within micritized 

allochems (Fig.11). Where dolomitization is complete, dolomite crystals form a lining to the base of 

crinoid moulds (Fig.11). The dolomite has a distinct yellow-orange CL under electron citation, with 

small redder CL inclusions (Fig.11). Recrystallization by later phases of dolomitization, forms planar-s 

to nonplanar textures, and a change from orange to red CL (Fig.11). There is no Zone 3 calcite cement 

within the dolostone (Walkden and Williams, 1991). Within the surrounding limestones on the 

platform margin, there are only minor amounts of Zone 3 observed within the platform margin facies 

(Fig.11). 
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Fig.11: Dolostone petrography; 

A) Photomicrograph, PPL, 

Dolomitized grainstone, 

composed of clean, limpid, 

planar-e to planar-s dolostone 

rhombs, intercrystalline 

porosity (I); B) 

Photomicrograph, CL, distinct 

yellow-orange CL, with mouldic 

porosity (M) and dolomite 

sediment at the bottom of 

crinoid mould (arrowed) (R); C) 

Photomicrograph, PPL, Partially 

dolomitized wackestones. 

Dolomite crystals are seen to 

form within micrite matrix 

(arrowed). No porosity change 

is observed; D) 

Photomicrograph, PPL, 

Undolomitized platform margin 

limestone. Only minor amounts 

of Zone 3 cement as described 

by Walkden & Williams are 

visible (Z3, arrowed); E) 

Dolomite crystal size within D1. 

4.5.4 Volcanics 

Samples of lavas were taken from Temple Mine, Gratton Dale and Gurdall Wensley bore hole (Fig.2).  

The lavas from Temple Mine in the Masson Hill igneous centre are highly altered, with less intense 

and very minor alteration observed within the samples from Gurdall Wensley and Gratton Dale 

respectively. The lavas are commonly vesicular, fine-grained olivine basalts containing amygdales of 

carbonate or chlorite.  Where unaltered, the primary igneous mineralogical assemblage is composed 

of olivine, clinopyroxene, orthopyroxene and plagioclase, of an olivine-basalt composition. The lavas 

are highly brecciated and veined by carbonate minerals (Fig.12). 

Petrographic and geochemical (XRD) analyses of alteration of the primary olivine and pyroxene shows 

that it resulted in the formation of clay minerals, (illite, chlorite-smectite and kaolinite), calcite, quartz 

and minor pyrite (Fig.12). In thin section, olivine displays various alteration minerals including Fe-

oxide, chlorite and carbonate, with pyroxenes commonly replaced by chlorite or calcite (Fig.12). This 

alteration leads to a colour change, with the lavas becoming paler and greener in appearance with 

increasing alteration (Fig.12). Calcite occurs as a cement filling amygdales, and replacing the matrix of 

the lava. Calcite replacing the lava matrix are anhedral, forming poikilotopic spar up to 2mm in 
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diameter. There are monomineralic chlorite reaction rims around these calcite filled amygdales, with 

the calcite displaying metasomatic textures (Fig.12). Under CL the calcite has a yellow-orange colour.  

 

Fig.12: Viséan extrusive lavas within the Masson Hill area; A) Core photo of lava showing; calcite 

amygdales within the basalt (CA). Core on the right hand side of the image is more intensely altered 

that the core on the left hand side; B) Thin section micrograph, PPL, Amygdale within altered basalt 

matrix. The amygdale is lined by a chlorite rim (Ch) and filled with calcite displaying metasomatic 

texture (MC), Basalt matrix displays feldspars (F) and altered olivine (O); C) XRD traces of the altered 

lavas showing alteration minerals Illite-smectite, kaolinite, quartz and pyrite as well as olivine; D) Thin 

section micrograph, CL, Chlorite rim to amygdale is non-luminescent, with metasomatic calcite fill 

displaying bright CL. Metasomatic calcite is also seen within the matrix replacing primary minerals 

(MC).  

4.5.5 Silica 

Silica rich limestone was observed on Masson Hill anticline, on the south east platform margin (Fig.2), 

as well as occurring in proximity to an E-W orientated fault at Gratton Dale. These localities are 

proximal to the Viséan extrusive volcanics, observed both at Gratton Dale and Masson Hill (Fig.2). In 

the field, silicification is not facies selective, but occurs as discrete bodies, up to 5m in diameter 

located at the apex of the Masson Hill anticline, and in proximity to faults (Fig.13). 
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Fig.13: Silica within the limestones around the Monsal Dale Limestone Formation in the Masson Hill 
area; A) Distribution of silica in the Masson Hill area; B) Thin section micrograph showing almost 
complete replacement of limestone by quartz. Remaining calcitic allochems arrowed. C) Thin section 
micrograph showing partial replacement of limestone by quartz. Replacement is seen to preferentially 
occur within the micrite matrix, with large quartz crystals arrowed. 

The silica is replacive, forming an anhedral mosaic composed of 0.5 mm sized crystals where most 

pervasive, with a diffuse boundary into unaltered limestone over 2 mm (Fig.13). Where silicification is 

incomplete, individual crystals are euhedral and smaller, at 0.1-0.3 mm (Fig.13). The timing of the 

silica relative to dolomitization is unclear as two phases have not been observed together. However, it 

predates fluorite, barite and calcite mineralization, observed through cross-cutting relationships. 

4.5.6 Mineralization  

Mineralization, composed of calcite, fluorite, galena and barite cross-cuts D1 within fractures (Fig. 14) 

and is commonly found at the boundary between dolostone and limestone (e.g. Golconda Mine, 

Temple Mine, High Peak Quarry, Masson Cavern in Fig.2). Where mineralization is pervasive, the host 

dolostone tends to be dedolomitized (Fig.14). Mineralisation can form veins that are horizontal, as in 

Fig.10 or vertical-sub vertical, as in Fig.14. 

 

Fig.14: Mineralization cross cutting 

dolostone cemented breccia within 

E-W fault, seen in Wapping mine 

 

 

 

 

 

D1 cement 

D1 
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4.5.7 Geochemistry 

D1 dolostone is near-stoichiometric with CaCO3 = 48.94 to 52.12% (Fig.15), with an average of 50.5%. 

Fig.15 Dolomite 

stoichiometry vs ordering 

 

 

 

 

 

 

 

 

 

Carbon & Oxygen Isotopes 

Table.2 summarizes the carbon and oxygen isotopic compositions of whole rock limestone, unaltered 

brachiopod shells, calcite cements and whole rock dolostone (D1) samples.  Brachiopod isotopic 

ǎƛƎƴŀǘǳǊŜǎ ǊŀƴƎŜ ŦǊƻƳ ʵ13C = -2.7 to 0Φу҉ VPDB ŀƴŘ ʵ18O = -2.8 to -пΦу҉ VPDB (n.2). Dolostone 

isotopic signatures range from ʵ13C = -2.7 to 0.8҉ VPDB and ɻ 18O = -2.8 to -5.01҉ VPDB (n.23). The 

ƳŜŀƴ ʵ13C values όʵ13C = -0.6҉ VPDB n.23) of the dolostone are more depleted than those of 

limestone and brachiopods (ɻ13C = 2.2҉ and 0.5҉ VPDB respectively). ɻ18O stable isotope signatures 

of D1 dolostone vary spatially, between the Matlock area and the southern platform margin, with 

more depleted values ɻ18O = -4.1҉ VPDB n.11 at the Matlock area, proximal to the volcanic centre 

and extrusive volcanics, compared to average values of ʵ18O = -3.4҉ VPDB n.12 at the platform 

margin (Fig.16.). No spatial trend is observed within the ɻ 13C of the dolostone (Fig.16). The dolomite 

cement taken from the E-W fault breccia has one of the ƭƻǿŜǎǘ ƳŜŀƴ ʵ13/ ŀƴŘ ʵ18O values of all the 

investigated dolostones ʵ13C = -1.52҉ VPDB, ɻ 18O = -5.01҉ VPDB respectively. Dolomitized wall rock 

ƛƴ ǘƘƛǎ Ŧŀǳƭǘ Ƙŀǎ ŀ ƭƛƎƘǘŜǊ ƛǎƻǘƻǇƛŎ ǎƛƎƴŀǘǳǊŜ ʵ13C = 0.28҉ VPDB, ʵ18O = -4.79҉ VPDB respectively. 

/ŀƭŎƛǘŜ ŎŜƳŜƴǘ ǇǊŜŎƛǇƛǘŀǘŜŘ ǿƛǘƘƛƴ ŀƳȅƎŘŀƭŜǎ ƛƴ ǘƘŜ ƭŀǾŀǎ Ƙŀǎ ŀ ʵ13C ŀƴŘ ʵ18O that are more depleted 

than Viséan ǎŜŀǿŀǘŜǊ ʵ13C = -1.6҉ VPDB and ɻ 18O = -3.0҉ VPDB.   

Fig.16: Carbon and oxygen isotopic compositions of the investigated limestone, brachiopods, calcite 

and dolostone samples  
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Table 2: Carbon and 
oxygen isotopic 
compositions of the 
investigated limestone, 
brachiopods, calcite and 
dolostone samples.  

 

 

 

 

 

 

 

 

 

 

Strontium Isotopes 

Table.3 summarizes the strontium isotopic compositions of the investigated limestone, brachiopods, 

calcite, dolostone and lava samples. The strontium signature of unaltered brachiopod shells are) 87Sr/ 

Phase Location Sample 103d13CV PDB 103d18OV PDB

Limestone Ballidon Hill BH13 1.6 -3.2

Limestone Standlow Lane Kinveton SLK72 3.2 -4.1

Limestone Gratton Dale GD-11-3-04 3.5 -5.3

Limesotne Longcliffe LC62 1.4 -5.5

Limestone Brassington Quarry BQ-01 1.4 -5.6

Average 2.2 -4.7

Brachiopod Four Lanes Wirksworth FL42 0.3 -4.1

Brachiopod Four Lanes Wirksworth FL41 0.8 -4.2

Average 0.5 -4.1

Calcite Amygdale Gurdall Wensley GW7 -1.6 -3.0

Dolostone D1 Harborough Rocks HR14-3-05 -0.7 -2.8

Dolostone D1 Harborough Rocks HR9 -0.8 -3.0

Dolostone D1 Carsington Pastures SSK 56662 -1.4 -3.1

Dolostone D1 Carsington Pastures SSK 56632 -2.5 -3.1

Dolostone D1 Harborough Rocks HR6 -1.4 -3.1

Dolostone D1 Harborough Rocks HR7 -0.8 -3.2

Dolostone D1 Harborough Rocks HR-14-3-01 -1.5 -3.3

Dolostone D1 Harborough Rocks HR-20-3-02 -1.5 -3.5

Dolostone D1 Ryder Point Quarry RPQ-20-3-01 -0.7 -3.6

Dolostone D1 Gurdall Wensley GW4A -0.3 -3.6

Dolostone D1 Gurdall Wensley GW4B -0.3 -3.7

Dolostone D1 Harborough Rocks HR1A 0.4 -3.7

Dolostone D1 Gurdall Wensley GW1 -1.9 -3.8

Dolostone D1 Coal Pit Rake CPR2 -1.3 -3.9

Dolostone D1 Harborough Rocks HR1F 0.8 -3.9

Dolostone D1 Harborough Rocks HR1B -0.2 -4.0

Dolostone D1 Gurdall Wensley GW3 -0.7 -4.1

Dolostone D1 Temple Mine TM8 1.0 -4.1

Dolostone D1 Coal Pit Rake CPR3 -0.7 -4.1

Dolostone D1 Temple Mine TM5 1.1 -4.3

Dolostone D1 Temple Quarry TQ1 0.1 -4.3

Dolostone D1 Upper Wood UW1 -1.4 -4.6

Dolostone D1 Wapping Mine WM21 -0.3 -4.8

Dolomite Cement  D1 Wapping Mine WM22 -5.0 -1.5
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86Sr_tr 0.7078 ((± 0.00004), the same as Viséan seawater signatures recorded by Burke et al., (1982). 
Average dolostone 87Sr/ 86Sr = 0.7084 (± 0.00004)(n.9) are more radiogenic than seawater, however 

there is a slight spatial trend, with more radiogenic dolostone signatures at the Matlock igneous 

centre 87Sr/ 86Sr = 0.7083 (± 0.00004) (n.2) (Fig.17) in comparison to samples taken from the platform 

margin at Harborough Rocks and from isolated reefs in the platform interior 87Sr/ 86Sr = 0.7085 (± 

0.00004) (n.5). The strontium signature of unaltered basalt taken from Gratton Dale is significantly 

less radiogenic than seawater at 87Sr/ 86Sr = 0.7046 (± 0.00004) (Fig.17). Altered lavas sampled from 

the Matlock igneous centre have a strontium signature close to Viséan seawater at 87Sr/ 86Sr = 0.7080 

(± 0.00004) (n.2) (Fig.17). 

 

 

Fig.17: Strontium isotopic 

compositions of the 

investigated limestone, 

brachiopods, calcite, 

dolostone and lava 

samples 

 

 
 
 
 
 
 

 
 
Table 3: Strontium 
isotopic 
compositions of 
the investigated 
limestone, 
brachiopod, calcite 
dolostone and lava 
samples 
 
 
 

Sample Lithology 103
d

13CVPDB 103
d

18OVPDB Sr ppm ± 2SE 1/Sr 87Sr/86Sr_tr

BC-01 Limestone 1.31 -7.51 173.5 0.004 0.006 0.708043

BQ-01 Limestone 1.43 -5.6 22.0 0.000 0.045 0.708686

HGC-02 Limestone 1.64 -7.54 452.4 0.046 0.002 0.707878

GW3 Limestone 1.51 -5.1 313.6 0.020 0.003 0.708187

MI1 Brachiopod 1.8 -2.1 351.8 0.007 0.003 0.707824

MI3 Brachiopod 1.9 -2.5 727.2 0.018 0.001 0.707805

GDL1 Lava - Basaltic 350.7 0.031 0.003 0.704698

GDL2 Lava - Basaltic 265.1 0.013 0.004 0.708003

GW1 Lava - Basaltic 287.5 0.014 0.003 0.708003

HR-14-3-01 Dol 1 -1.53 -3.31 85.3 0.002 0.012 0.708525

HR14-3-05 Dol 1 -0.68 -2.77 105.4 0.037 0.009 0.708511

HR-20-3-02 Dol 1 -1.49 -3.49 97.2 0.003 0.010 0.708287

RPQ-20-3-01 Dol 1 -0.74 -3.64 63.5 0.001 0.016 0.708209

GW4 D1 IC -2.7 -4.1 34.1 0.002 0.029 0.708834

GW5 D1 IC -2.3 -4.3 294.0 0.027 0.003 0.707773

WT-01 Dol 1-2 0.93 -3.18 30.1 0.001 0.033 0.708581

WT2 Dol 1-2 0.61 -3.76 45.2 0.001 0.022 0.708615

GT01 D1/D2 1.0 -3.8 52.9 0.002 0.019 0.708642
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Magnesium Isotopes 

!ǾŜǊŀƎŜ ƳŀƎƴŜǎƛǳƳ ƛǎƻǘƻǇƛŎ ǾŀƭǳŜǎ ƻŦ ʵ26Mg -мΦоур҉ όǊŀƴƎŜ -1.52 to -1.33 n.4) were determined 

from dolostone samples from the southern platform margin at Harborough Rocks and the Masson Hill 

area. 

ICP-MS 

Total REE concentrations within the dolostone range from 99.6 to 226ppm, and are lower than that 

observed within the whole rock and brachiopod shell samples, ranging from 221 to 581ppm. REE 

patterns are similar for all dolostone samples analysed, both at the platform margin and from samples 

in the Matlock igneous centre (Fig.18). All dolostone, whole rock limestone and brachiopod samples 

ŘƛǎǇƭŀȅ ŀ ǊŜƭŀǘƛǾŜƭȅ ƭŀǊƎŜ ƴŜƎŀǘƛǾŜ /Ŝ ŀƴƻƳŀƭȅΣ ŀƴŘ Iw99 ŜƴǊƛŎƘƳŜƴǘ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ [w99Ωǎ (Fig.18). 

The whole rock limestone and brachiopod shell HREE profile which is relatively flat, dolostone 

samples show enrichment in Y and Yb, and relative depletion in Tb, Tm and Lu (Fig.18). 

 
Fig.18: REE profiles of Dolostone samples, Brachiopod samples and Viséan lavas (Lava data taken from 
Macdonald et la, 1986). HREE profile of dolostone is seen to imitate that of the lavas. 

4.6 Interpretation 

4.6.1 Timing of Dolomitization 

Dolomitization of dolostone phase D1 is fabric retentive in the field, and is stratabound, occurring 

only within platform margin grainstones and packstones, or along E-W orientated faults. The 
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formation of dolostone both above and below lavas within the Masson Hill area shows that they may 

have had a control on dolostone distribution. Dolostone D1 is cross-cut by stylolites and therefore 

predates pressure dissolution, which implies formation at less than 300m burial depth (Schol & Schol, 

2003). D1 Planar-e and Planar-s dolomite crystals contain mono-phase primary fluid inclusions, 

indicating crystal growth at temperatures of <50oC (Goldstein & Reynolds, 1994). The absence of Zone 

3 cements indicated that D1 dolostone formation either predates or is concurrent, indicating 

formation in the Serphukovian or earlier (Walkden & Williams, 1991). This is potentially important to 

the evolution of porosity, since across most of the Derbyshire Platform, Zone 3 calcite cements 

occluded most interparticle porosity, thereby restricting the circulation of subsequent diagenetic 

fluids primarily to faults and fractures (Walkden and Williams, 1991; Hollis and Walkden, 2002). The 

formation of dolomite cement within the E-W orientated faults as the final phase of D1 dolomitization 

could have resulted in the effective sealing of these faults to later dolomitizing fluids during deep 

burial diagenesis. 

4.6.2 Timing of volcanic alteration 

Altered lavas are observed within boreholes, away from the effects of surface weathering indicating 

that alteration is not likely to be the result of modern surface processes (Fig.12). The replacement of 

primary iron-magnesium rich mafic minerals (olivine and pyroxene) to produce an assemblage of clay 

minerals, (illite, chlorite-smectite and kaolinite), calcite, quartz and minor pyrite is consistent with the 

low temperature (<100°C) alteration of the lavas via interaction with seawater and/or meteoric fluids 

(Lovering, 1949).  

The oxygen isotopic signature of the calcite cement formed within the lava groundmass and within 

amygdales (ɻ18O=-3 n1) is similar to calcite precipitated from seawater (ʵ18O=-9.6 to -6.8 Walkden 

and Williams, 1991), however the ʵ13C is isotopically lighter (ɻ13C=-1.6) than seawater (ɻ13C=1 to 2). 

Assuming a mantle signature of around ʵ13C=-4 (Deines, 2002), carbon sourced from the lavas during 

ǘƘƛǎ ŀƭǘŜǊŀǘƛƻƴ ǿƛǘƘ ǎŜŀǿŀǘŜǊ ǿƻǳƭŘ ōŜ ƛǎƻǘƻǇƛŎŀƭƭȅ ŘŜǇƭŜǘŜŘ LŦ ǊƻŎƪ ōǳŦŦŜǊƛƴƎ ŘƛŘƴΩǘ ƻŎŎǳǊ, then the 

precipitated calcite could be depleted with respect to Viséan ʵ13Cseawater. The occlusion of porosity 

within the lavas by these calcite cements means that they most likely acted as flow barriers during 

later diagenesis (Ford, 2001; Hollis & Walkden, 2002), with calcite-fluorite-barite-galena 

mineralization concentrated beneath lavas, and observed to be most intense at the boundary 

between limestone and dolostone (Walters & Ineson, 1980; Ford 2001). Unaltered lavas sampled 

from Gratton Dale, located 4.5km from the platform margin and not associated with dolomitization, 

have a depleted strontium signature of 87Sr/86Sr_tr = 0.70453, typical for basalts (Menzies & Seyfried, 

1979). Lavas proximal to dolomitization in the Masson Hill area, which show significant alteration, 

have a signature that resembles Viséan seawater (0.7078 87Sr/86Sr_tr) suggesting that seawater was 
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responsible for the alteration. There is a concentration of silica rich limestones at the apex of the 

Matlock anticline, in proximity to the igneous intrusive sills and extrusive lavas (Fig.13). Here, silica 

lines E-W orientated faults which is possibly the result of silica released from the mafic minerals in the 

production of carbonate and clays during argillic alteration.  

The alteration of the lavas occurred during the Viséan where they interacted with seawater, as well as 

driving its convection on the platform margin. The presence of replacive calcite cements within the 

lava groundmass and within vesicles (amygdales) suggests that the lavas were not barriers to fluid 

flow during the Viséan.  

4.6.3 Dolostone Geochemistry 

Calculation of VSMOW for dolostone and calcite samples was conducted using the methodology 

outlined in Matthew & Katz (1977). This methodology is preferred as it works best for low 

temperature systems. Temperature of less than 50°C are assumed in this case, due to mono phase 

fluid inclusions (Goldstein & Reynolds, 1994). Average ɻ 18O VSMOW compositions of the fluids 

responsible for dolomitization were calculated as -3.5҉ (30°C), -1.38҉ (40°C) and -0.4҉ (45°C) 

respectively. This indicates that the dolomitizing fluids were less enriched than Viséan seawater at 

0҉. ¢ƘŜ ƳƻǊŜ ŘŜǇƭŜǘŜŘ ʵ13C values seen within both dolostone and calcite precipitated within the 

lavas during alteration indicates the carbon pool is not purely marine, and that fluid rock ratios were 

sufficiently high that the ɻ13Cwater was preserved. The spatial trend observed within ʵ18Odolostone, with 

average -4.1҉ ɻ18O at the Masson Hill area, and average -оΦп҉ ʵ18O on the southern platform 

margin, could reflect differential fractionation as a result of temperature differentials, caused by the 

igneous intrusions which could have driven geothermal convection.  

Fig.19 Dolostone Sr 
concentration in ppm vs. % 
MgCO3 in Dolomite. Sr 
concentration is seen to 
decrease as MgCO3 content of 
dolomite increases. 

 

 

 

 

The strontium isotopic composition of D1 dolostone are slightly enriched in comparison to Viséan 

seawater, and magnesium isotope values of ɻ26Mg -мΦоур҉ όǊŀƴƎŜ ʵ26Mg -1.52 to -мΦоо҉Σ ƴΦпύ 
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suggest that the dolomitizing fluids  had some interaction either with volcanics or siliciclastics. The 

distribution coefficient (DSr
dolomite) for Sr in stoichiometric dolomite is 0.0118, which is seen to increase 

by ~0.0039 for each additional mol% CaCO3 in non-stoichiometric dolomite (Vahrenkamp & Swart, 

1990). D1 dolostone is near-stoichiometric with CaCO3 = 48.94 to 52.12% (Fig.15), with an average of 

50.5%. Sr concentration is seen to decrease with an increase in MgCO3 (Fig.19). 

The preservation of enriched HREE within D1 dolostone implies there were high fluid-rock ratios, and 

the dolomitizing fluids interacted with the volcanics. Pr/Ce analysis shows that some dolostone values 

display a seawater signature, with a positive Ce anomaly, whilst some do not with more negative Ce 

anomalies (Fig.20). The dolomitizing fluid composition is therefore an altered seawater. 

Fig.20: Pr/Ce analysis of 

whole rock dolostone and 

limestone samples. 

Samples with a preserved 

seawater signature lie 

within the highlighted 

area. Whole rock 

limestones mainly lie within 

this area; however 

contamination of later 

burial calcite cements may 

explain the outliers. 

Dolostone varies, with 

some samples having a 

seawater composition, 

however some samples lie 

outside of the area. 

4.6.4 Structural controls on the Derbyshire Platform development 

There are three main fault trends observed on the Derbyshire Platform, NW-SE, E-W and N-S, with 

the E-W and N-S faults forming as splays off major crustal NW-SE faults (Fig.21). Cross-cutting 

relationships show that E-W faults were created before the N-S trending faults, and the association of 

the early-post rift dolostone D1 with E-W faults strongly suggests that they were open during 

seawater circulation and D1 formation. These faults were later sealed by dolomite cement (Fig.5). 

N-S faults display hydrobrecciation, dolomitization phase D3 and are host to significant quantities of 

mineralisation (Fig.4, Fig.6). The cross-cutting relationship and association of later fault-controlled 

dolostone phases and mineralisation associated with N-S faults is consistent with them post-dating 

extension, and the presence of mineralisation along them would suggest that they were open during 

N-S compression at the onset of the Variscan Orogeny.  

Seawater 

Signature 
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Areas of fault interaction and intersection are seen to be important sites for fluid flow and 

mineralization (Peacock, 2017). This is observed at the intersection between the E-W and N-S faults, 

where large dissolution cavities are formed, filled with mineralization and associated with the 

dedolomitization of the N-S orientated dolostone halos (Fig.6). 

Fig.21: Relationships between E-W and N-S faults as observed at Cromford. E-W faults are seen to be 
cross-cut by N-S faults. Both form as splays off major crustal NW-SE faults. E-W faults are host to 
minor amounts of mineralization and have dolostone fault-sealing cement. N-S faults are host to 
mineralization and have a dolostone halo. Dissolution cavities are seen to form at the intersection 
between N-S and E-W faults. These are host to mineralization and are associated with the 
dedolomitization of the N-S dolostone halos. 

4.7 Discussion 

4.7.1 Timing, Origin and Composition of dolomitizing geothermal fluids 

D1 identified in this study is the first phase of dolomitization. It is stratabound and fabric retentive-

destructive with rhombic/sucrosic crystals, all of which are consistent with low temperature 

dolomitization.  

Evidence for dolomitization through seawater from data in this study is first evaluated: Fabric 

retentive dolomitization typically occurs during seawater dolomitization with high Mg/Ca ratios (e.g. 

Budd, 1997; Kaczmarek and Sibley, 2007). Stable oxygen isotope data indicate the fluid source is 

potentially from seawater (ɻ18O = -2.8 to -пΦу҉ VPDB), and single phase fluid inclusions indicate 

temperatures of <50°C. Pr/Ce analysis of dolostone samples shows that most samples reflect a 

seawater fluid composition (Fig.20).  
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However, the HREE profile within the dolostone is not entirely consistent with seawater (Fig.18), 

whilst ǘƘŜ ŘŜǇƭŜǘŜŘ ʵ13C of D1 dolostone indicate that the dolomitizing fluid may not have been pure 

seawater.  

REE signatures of dolostone will mimic the bulk rock signature of the precursor limestone, except at 

high fluid-rock ratios. Since the ɻ13Cdolostone is lighter than would be expected for Viséan seawater, high 

fluid-rock ratios, and mixing with another fluid is implied.  Further evidence that indicates a mixed 

seawater-meteoric fluid composition is the magnesium and strontium isotopic composition. 

Dolostone D1 magnesium isotopic composition reflects a non-seawater composition, whilst the 

strontium signature is more radiogenic than is expected for Viséan seawater. Average ɻ18OVSMOW of 

the dolomitizing fluids (-3.5҉ to -0.4҉ at 30-45°C), show that they were less enriched than 

Carboniferous seawater at 0҉. 

Zheng & Hoefst (1993) described three distinct geochemical origins of geothermal fluids in terms of 

carbon and oxygen isotopic compositions: 

1. Magmatic or deep-ǎŜŀǘŜŘ ŎǊǳǎǘŀƭ ŦƭǳƛŘΣ ǿƘƛŎƘ Ƙŀǎ ʵ13C values similar to the normal mantle 

value (from -9 to -п҉ύ  

2. Subsurface meteoric water or groundwater, which has isotopically light ʵ13C due to latitudinal 

and altitudinal fractionation  

3. {ŜŀǿŀǘŜǊΣ ǿƘƛŎƘ Ƙŀǎ ʵ13/ ŀƴŘ ʵ180 values for the Viséan of 1.5 to -п҉ ±t5. ŀƴŘ Ҍм ǘƻ Ҍп҉ 

VPDB, respectively (Bruckschen et al.,1999; Prokoph et al., 2008; Grossman, 2012) 

Purely magmatic-ŘŜǊƛǾŜŘ ŦƭǳƛŘǎ ƘŀǾŜ ŀ ʵ18h{ah² ҔлΣ ǘƘŜ ǊŜŎƻǊŘŜŘ ŘƻƭƻǎǘƻƴŜ ʵ18OSMOW suggest a 

fluid that was depleted in oxygen, which is most typical of meteoric water. If dolomitization was 

concurrent with the meteoric Zone 3 calcite cements (with ɻ 18OSMOW-6) as described by Walkden & 

Williams (1991) (Table.4), dolomitization was made thermodynamically favourable through the mixing 

with Viséan seawater and possible input of CO2 and magnesium from lavas, resulting in the dolostone 

ʵ18OSMOW-1 observed. ¢ƘŜ ƳƻǊŜ ŘŜǇƭŜǘŜŘ ʵ13C values seen within both dolostone and calcite 

precipitated within the lavas during alteration could also reflect an influx of meteoric water, as this 

would result in a signature more depleted than seawater as is observed. 
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Table 4. Summary data of calcite cement zones (data form Walkden & Williams, 1991; Hollis & 
Walkden, 2002), Zone 2A calcite cement precipitated within lavas, and dolostone phase D1. 
 

Given the association between dolomitization and volcanics, it is plausible to consider a magmatic 

origin of the CO2. CO2-rich waters are known to occur at the boundaries of volcanic geothermal 

systems and around active volcanoes (Resing & Sansone, 1999). The 14C content within these CO2-rich 

geothermal fluids is low due to extensive dilution by 14C-dead carbon from the deep mantle source 

(Deines, 2002). An increased concentration of CO2 elevates the reactivity of the fluid by maintaining a 

relatively low pH, thus increasing the rate of dissolution of many common primary rock-forming 

minerals (Resing & Sansone, 1999). The effect of CO2 on the ɻ 18O signature will be insignificant, due to 

the dominance of oxygen supplied by H2O (Zheng & Hoefst, 1993). H2O is seen to be the most 

common gas exsolved from volcanics, however CO2 exsolution from basaltic magmas can also occur in 

significant concentrations (Gerlach, 1980; Giggenbach, 1997). During interaction of seawater and 

basalt, the dominant effect is the production of acid by the precipitation of chlorite, driven by 

reaction of Mg in seawater with Al and Si from the basalt (Reed and Palandri, 2009). This would 

therefore inhibit dolomitization from seawater. 

Subsequent to serpentization, however, the dissolution of serpentine results in removal of H+ from 

the reacting fluids (eq.1), and the precipitation of chlorite (in the eq.2 the end member of 

chlinochlore is presented), the result of which is the precipitation of acid (eq.2) :  

Mg3 [Si2O5](OH)4 + 6H+ =>  2SiO2 (aq) + 3Mg2+
(aq) + 5H2O   (eq.1)  

5Mg2+ (aq) + 2Al3+ (aq) +3SiO2 (aq) + 12H20 =>  Mg5Al2Si3O10(OH)8 (s) + 16H+ (aq)    (eq.2) 

This leads to a high concentration of Mg and SiO2 in reactive waters (Barnes et al, 1967- from 

Marques et al., 2008). Macdonald et al (1984) reported serpentenization of the Namurian sills in the 

Masson Hill area. Dissolution of this serpentine by the convecting fluids would have increased the 

Mg/Ca ratio and improved its dolomitization potential. Lowernstern (2001) demonstrated that 

CO2/H2O solubility varies as a function of depth of volatile exsolution, and CO2 solubility in basalts 

displays a prograde nature, indicating that CO2 sourced from deeper in the system would result in the 

Phase Morphology CL

Inclusion 

Density

Inclusion 

type 103
d

13CVPDB 103
d

18OVPDB

Homogenisation 

Temperature (°C) Fluid Salinity

ʵмуhǿŀǘŜǊ 

ό҉ύ

Zone 1

fibrous-acicular (platform 

margin), bladed (platform 

interior)

Non-luminescent turbid ? ï3.4 to ï1.7ï9.6 to ï6.8 - - -

Zone 2

fibrous-acicular (platform 

margin), bladed (platform 

interior)

Bright turbid ? - - - - -

Zone 2A
Blocky, metasomatic texture, 

poikilotopic Bright  Yellow turbid
Fluid -1.6 -3 - - -

D1 Planar - e, Planar -s Moderate turbid - limpid Fluid 0.9 (0.8 to -2.5) -3.4 (-2.8 to -4) - - -1.38

Zone 3 ? Dull ? ? 0.6 to 3.2 ï15.0 to ï5.5 - -6

Zone 3A Columnar Dull Brown ? Fluid 2.3 (0.7 to 3.70) ï10.3 (ï12.3 to ï7.60) 57.3 (35.6 to 80.6)
5.8 (0.75 to 

13) -2.3
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generation of acidity closer towards the surface. Localised dolomitization through the interaction of 

seawater with mafic dikes has been documented (Blomme et al., 2017) showing that the interaction 

with seawater and mafic intrusives does improve the kinetics for dolomitization. 

Further support for the contribution to dolomitization from fluid-rock interaction with the volcanics 

comes from HREE data.  Minerals and sediments commonly inherit the REE signatures of their parent 

fluids, such as seawater, meteoric water and hydrothermal fluids (Lottermoser, 1992; Webb and 

Kamber, 2000). Marine carbonates inherit the REE signatures of ambient seawater, except for slight 

depletion of heavy REE (HREE) (Liu et al., 2017). These REE signatures are not radically changed during 

dolomitization, provided that the dolomitization occurs in seawater-like fluids (Banner et al., 1988; 

Qing and Mountjoy, 1994; Miura and Kawabe, 2000; Kamber and Webb, 2001; Nothdurft et al., 

2004). However, dolomitization by non-marine fluids (e.g. meteoric water and magmatic or crustal 

fluids) under high water-rock ratios can significantly alter the REE compositions of the resultant 

dolostone, preserving the geochemical signature of the diagenetic fluid (Murray et al., 1991; Webb 

and Kamber, 2000; Shields and Stille, 2001; Nothdurft et al., 2004; Webb et al., 2009; Liu et al., 2017). 

Ce is sensitive to redox conditions (Sholkovitz et al., 1994) and Eu is known to be more enriched in 

volcanic rocks than sedimentary carbonates (Elderfield and Greaves, 1982). REE can be mobilised 

from rocks during hydrothermal alteration, (Alderton et al., 1980; Taylor and Fryer, 1980; Palacios et 

al., 1986; Fulignati et al., 1999), particularly during seawater-basalt interaction (Frey et al., 1974; 

Wood et al., 1976; Hellman and Henderson, 1977; Ludden, 1979). Similarly, the D1 HREE profile is 

modified by interaction of the dolomitizing fluids with the volcanics. 

Strontium isotopes from D1 dolostone are slightly enriched in comparison to Viséan seawater. 

Unaltered lavas sampled from Gratton Dale, located 4.5km from the platform margin and not 

associated with dolomitization, have a depleted strontium signature of 87Sr/86Sr_tr 0.70453, typical 

for basalts (Menzies & Seyfried, 1979). Altered lavas proximal to dolomitization in the Masson Hill 

have signatures buffered to that of Viséan seawater at 0.7078 87Sr/86Sr_tr.  

Overall the evidence points to dolomitization through geothermal convection of a mixed meteoric-

seawater composition fluid at high fluid-rock ratios, driven by the intrusive volcanism. Dolomitization 

could not have occurred from seawater during syn-rift extrusive volcanism, as Mg would have been 

scavenged from seawater during the serpentization. Consequently, scavenging of Mg is interpreted to 

have occurred later, during the early post-rift when the lavas were cooled (Fig.22).   
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Fig.22 Conceptual model of the Derbyshire platform during the early post-rift showing carbonates of 
the Derbyshire Platform buried to <300m 

At this time, the carbonates that were dolomitized were buried to <300 m depth, and the intrusion of 

mafic sills provided both the heat for geothermal convection and CO2 through degassing (Fig.22). 

Sufficient Mg was supplied by seawater (Frazer et al, 2014; Frazer, 2014) and additional Mg could 

have been supplied through interaction of fluids with the serpentinized intrusives (Barnes et al, 1967- 

from Marques et al., 2008). Seawater also provides the necessary fluid volumes to produce a non-

rock buffered signature. CO2 could have been provided from degassing intrusives, altering the ʵ13C of 

the dolostone, the timing of which coincides with the meteoric calcite phase Zone 3 (Walkden & 

Williams, 1991).  

4.7.2 Modelling Geothermal Fluid Composition 

The dolomitizing fluid composition has been modelled based on end member compositions. The first 

fluid is Viséan seawater, the second is meteoric water (as per Zone 3, Walkden & Williams, 1991). 

Models are based on the general hydrothermal carbon-oxygen isotopic mixing equation as set out in 

Zheng & Hoefs (1993); 

 

‏ ὕά ‏ ὅὥ ὖ‏ὅὦ ‏  ὕά  ‏ ὅάὖ ρ    
 

                                                           + ɿ 13C ά(ɿ 18O ὦ P ɿ 18O ὥ) 

                                                                                 + (P ɿ 18O ὥ ɿ 13C ὦ  ɿ 18O ὦ ɿ 13C ὥ) = 0 

 

It is assumed that Fluid A is Viséan seawater with a composition of ɻ13C = 2҉ (PDB) and ɻ 18O = 0҉ 

(SMOW). Fluid B is meteoric water with a depleted ɻ13C composition of ɻ13C = -4҉ (PDB) and ɻ 18O = -

3҉ (SMOW) based on Zone 3 Walkden & Williams (1991). The fluid composition used here is 

different to that of Walkden & Williams (1991), as the original composition is thought to reflect rock 

buffering, with ɻ 13C= 0.6 to 3.2҉ (PDB). 

The concentration ratio (P) of total dissolved carbon in fluid B (Meteoric) to in fluid A (Seawater) 

required to form the resultant geochemistry observed within the dolostone D1 has a wide range from 
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0.2 to >10, with an average of 1.2 (Fig.23). ¢ƘŜ ǊŜǘŜƴǘƛƻƴ ƻŦ ƭƛƎƘǘ ʵ13C suggests that the system is not 

rock buffered, and fluid rock ratios were high with a component of Mg2+ derived from the intrusive 

volcanics. 

Fig.23 Mixing curves of fluid compositions 
ŦƻǊ ƳƛȄƛƴƎ ƻŦ ǘǿƻ ŦƭǳƛŘǎ ƛƴ ʵ13/ Ǿǎ ʵ18O 
space, as defined by the equations in 
Zheng and Hoefs (1993). Fluid B is 
Meteoric based on Hollis & Walkden 
(2002) Zone 3A ǘƘŀǘ Ƙŀǎ ʵ13C = -4҉ όt5.ύ 
ŀƴŘ ʵ18O = -о҉ ό{ah²ύΤ Cluid A is 
Viséan seawater ʵ13C= 2҉ όt5.ύ ŀƴŘ 
ʵ18O = =0҉ ό{ah²ύΦ t ƛǎ ǘƘŜ 
concentration ratio of total dissolved 
carbon in fluid B to in fluid A. The blue 
area on the graph shows the range of 
dolostone compositions, whilst the red 
line shows the average dolostone 
composition, with the red dots indicating 
the fluid composition of individual 
dolostone samples. 

 

4.7.3 Modelling Dolomitization Potential 

Geochemical modelling using PHREEQC has been conducted to calculate the reactivity of 

Mississippian seawater, to estimate the quantity of fluids required for dolomitization, and to look at 

the timescales over which dolomitization may have occurred.  

In this study, the dolomitizing fluid composition has been demonstrated to be a mix of seawater and 

meteoric water. This mixing of meteoric water with seawater would have reduced the dolomitizing 

potential of the fluid, however, in this case, the addition of Mg2+ from the intrusive volcanics would 

have cancelled out this effect.  

As the fluid chemistry of the meteoric fluid is not known, nor is the quantity of Mg2+ that was supplied 

from the volcanics, PHREEQC models were based on Mississippian seawater chemistry as reported by 

Demico et al., (2005) (Table.5). It is assumed that the true dolomitizing fluids would have had a similar 

dolomitizing potential. 

 

Table.5 Mississippian seawater chemistry as reported by Demico et al. 2005, reported in mmol/kgw 

Fluid Temp pH Na K Ca Mg Cl S

Visean Seawater 35-45 7.4 4.77E+02 1.12E+01 1.93E+01 4.46E+01 5.76E+02 1.90E+01



 
 

Page | 93  
 

To run the PHREEQC models, the m3 of fluid required to precipitate 1 mole of dolomite at 20% 

porosity (porosity estimated from petrographic observations) were calculated (see below). These 

models run with an unlimited potential to dolomitize, provided for by an excess concentration of 

calcite, and the reactions only calculated for two equilibrium phases, dolomite and calcite. For these 

calculations, the molecular weight of dolomite (Mg,Ca(CO3)2) is taken as 184.4g, and the density of 

dolomite is taken as 2.84gcm3. 

 

2.84x106 gm-3/184.4g mol-1 = 15401.3 mol dolomite   (1) 

1/moles precipitated in PREEQC/1000 = m3 of fluid required to precipitate 1 mole of dolomite at 20% 
porosity          (2) 

m3 of fluid x 12321.04 mol-3 = m3 of fluid required to precipitate 1m3 of dolomite at 20% porosity   (3) 
 

The data output from the PHREEQC models shows the volume of fluids required to form 1 m3 of 

dolomite at 20% porosity (DolPot, Table 6). This has been calculated for fluid temperatures of 25-55°C 

(Table), based on the low temperatures indicated by D1 textures, and single phase fluid inclusions. 

From this, the total volume of fluids required from to form the total volume of D1 observed was 

calculated; 

Total dolostone on Derbyshire Platform = 2.4 km3            (4) 

Total dolostone on Derbyshire Platform = 2.40E+09 m3               (5) 

D1 (50% of total dolostone) = 9.60E+08 m3                        (6) 

DolPot x 9.60E+08 = total m3 of fluid to form D1       (7) 
 

The values calculated show 

that even a small change in 

temperature (i.e. 5°C) can 

have a significant effect on 

the quantity of fluids 

required (Fig.24).  

 
 

Fig.24 The total fluid 
volumes (m3) required for 
D1 over temperatures 
ranging from 25 to 55°C 
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Table.6 Calculation of total fluids (m3) required for D1 using DolPot calculated from PHREEQC models 
over temperatures ranging from 25 to 55°C 
 

Previous models estimate the total dolostone volume created through geothermal convection of 

Mississippian seawater as 3.63E10+9 m3 (Frazer, 2014). This is 4.90E+08 m3 greater than the 

estimated volume of 9.60E+08 m3 calculated in this study. This disparity in the dolostone volumes 

formed as a result of geothermal convection, is that Fraser (2014) modelled fluid convection through 

the stratigraphic development of the platform, from the early syn-rift to the early post-rift. This study 

however, has shown that D1 dolomitization occurred during the early post-rift.  

Using the fluid flow rates for the early post-rift calculated in Frazer (2014), the timescale for D1 

dolomitization has been calculated (Table.7). During the early post-rift (EC6), faults are seen to act as 

permeability pathways, and seawater entering through the upper slope marginal grainstones had high 

fluxes, up to 1 x 10-5 kg s-1 m-2.  

 

Table.7 Calculation of the timescale of dolomitization in the early post-rift for fluid temperatures 
ranging from 25°C to 50°C. Fluid flow rates for EC6 are taken from Frazer (2014). 

The results show that dolomitization as described in this study is feasible and could have occurred 

over ~1.7 Ma. This fits in with the timescale of dolomitization occurring during the early post-rift, and 

with models by Frazer (2014), who calculated dolomitization during the early post-rift to occur over 4 

Ma. The difference in the timescale between these two models could be a result of the area over 

which fluid circulation has been calculated. In this study, only the area which is seen to be dolomitized 

Temp °C DolPot Total D1 m3 Total Fluids m3 required for D1

25 320.2765 9.60E+08 3.07E+11

30 318.991 9.60E+08 3.06E+11

35 317.896 9.60E+08 3.05E+11

40 316.956 9.60E+08 3.04E+11

45 316.151 9.60E+08 3.04E+11

50 315.497 9.60E+08 3.03E+11

55 314.93 9.60E+08 3.02E+11

Temp °C Fluids required for D1 (m3) Fluid Flux Time (Sec) Time (Ma)

35 3.81E+11 1 x 10-5 kg s-1 m-2 5.44283E+13 1.73

40 3.80E+11 1 x 10-5 kg s-1 m-2 5.42855E+13 1.72

45 3.79E+11 1 x 10-5 kg s-1 m-2 5.41426E+13 1.72

50 3.79E+11 1 x 10-5 kg s-1 m-2 5.41426E+13 1.72
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has been taken into consideration, whilst in Frazer (2014), the model covers the entire southern 

platform margin. 

4.7.4 Conceptual Model of Diagenetic Fluid Flow and Dolomitization 

A conceptual model is presented below that summarizes the mechanism for syn-rift and early post-

rift dolomitization on the Derbyshire Platform. 

Syn-Rift 

N-S rifting in the Viséan led to the development of carbonate platforms on the footwalls of 

reactivated NW-SE Caledonian basement faults (Fraser & Gawthorpe, 2003). On the Derbyshire 

Platform, extrusive volcanism was dominant during the syn-rift (345-325 Ma) (Macdonald et al., 

1984). 

Dolomitization is stratabound and facies controlled, found within platform margin facies, and in 

association with the extrusive volcanics around the Masson Hill igneous centre. The fabric and texture 

of the dolostone, along with primary monophase fluid inclusions indicate formation at <~300m burial, 

and at temperatures <50°C. The association of the dolostone with E-W faults strongly suggests that 

they were open during seawater circulation and D1 formation. 

Geochemical evidence points towards dolomitization from a fluid with a mixed meteoric-seawater 

composition, with fluid circulation controlled by NW-SE and E-W faults. The preservation of an 

enriched HREE profile implies there were high fluid-rock ratios, and the dolomitizing fluids had 

interacted with the volcanics.  

Geothermal convection of seawater during the syn-rift phase driven by volcanism and associated 

dolomitization has been demonstrated (Frazer et al., 2014; Frazer, 2014). Convection of seawater was 

controlled by major NW-SE lineaments, with these same lineaments exploited by the volcanism 

(Fig.25).  

 

Fig.25 Diagenetic fluid flow across the East Midlands Shelf, Derbyshire Platform and Widmerpool Gulf 
during the syn-rift. Seawater is seen to circulate along E-W faults, with extrusive volcanism exploiting 
the same NW-SE crustal lineaments that control platform growth. 
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However, this model does not take into consideration the geochemical impact of this extrusive 

volcanism on the dolomitizing potential of seawater during the syn-rift phase. Interaction of lavas and 

seawater is shown to strip Mg from seawater (Reed and Palandri, 2009), meaning that the 

dolomitizing potential of seawater during this phase was reduced, and dolomitization was kinetically 

unfavourable. This indicates that dolostone D1 was not formed syndepositionally. 

Early Post-Rift 

During the early post-rift the style of volcanism changed from extrusive to intrusive, with the 

production of doleritic sills (Macdonald et al, 1984). Rifting extension waned, and hanging wall basins 

were filled progressively by pelagic and transported sediment. At this time, the carbonates on the 

Derbyshire Platform are envisaged to be buried to several hundred meters depth.  

Meteoric fluids derived from gravity driven flow from the East Midlands Platform resulted in the main 

porosity occluding calcite cement phase (Zone 3) on the Derbyshire Platform (Walkden & Williams, 

1991).  

Dolostone geochemistry indicates that the primary fluids for dolomitization were a mixture of 

seawater and this Zone 3 meteoric water that was convecting within the platform margin facies. The 

drive for this convection was provided from the early post-rift intrusive volcanism, with fluid flow 

controlled by the NW-SE faults and E-W splays that were active during the syn-rift. As a result, 

dolomitization was concentrated at the platform margin, proximal to the volcanics at the Matlock 

volcanic centre, and along E-W orientated faults (Fig.26).  

In contrast to the syn-rift, during the early post-rift, volcanism is seen to improve the dolomitizing 

potential of the fluids, providing reactive Mg2+ through the alteration of the intrusive syn-rift volcanics 

(Barnes et al., 1967- from Marques et al., 2008), and CO2 degassing increasing the fluid reactivity 

(Reed & Palandri, 2009). This is crucial to explain how there is so much more dolomitization observed 

on the Derbyshire Platform in contrast to anywhere else in the Pennine Basin. 

The last phase of D1 dolomitization was the formation of dolomite cement, effectively sealing the E-W 

faults. There was also progressive cementation of the extrusive lavas, through the interaction with 

seawater. These factors combined meant that later diagenetic fluids could not exploit the same fluid 

pathways as the D1 dolomitizing fluids during the early post-rift, resulting in the preservation of this 

early dolostone.  
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Fig.26 Diagenetic fluid flow across the East Midlands Shelf, Derbyshire Platform and Widmerpool Gulf 

during the early post-rift. Seawater is seen to mix with meteoric water derived from gravity driven flow 

from the East Midlands Platform to the east. These fluids circulate along E-W faults, with intrusive 

volcanism providing the geothermal drive. Stratabound dolostone D1 is formed within the platform 

margin facies and in proximity to the extrusive volcanics. The green zone on the Derbyshire Platform 

represents the area in which fluid mixing occurred, and subsequent dolomitization within the platform 

margin facies.  

Late Post-Rift 

The quantity of dolostone produced during through this geothermal convection accounts for 

approximately 50% of the total dolostone volume on the Derbyshire platform. The other 50% of the 

dolostone volume is from fault controlled, basin derived dolomitizing fluids. Hollis and Walkden 

(2012) and Frazer et al., (2014), proposed that fluids were supplied from basinal brines expelled from 

the juxtaposed hanging wall basins, leading to the four later phases of dolomitization, D2 to D5, 

identified in this study (Table.1). 

4.7.5 Comparison with other Dolomitization 

Mississippian platform limestones in the Irish Lower Carboniferous show early replacement by planar 

dolomite (Wright et al., 2003, Wright et al., 2004, Nagy et al., 2004, Nagy et al., 2005, Johnson et al., 

2009). As on the Derbyshire Platform, this dolomitization mostly occurs at the platform margin, but is 

not as facies selective as on the Derbyshire Platform (Wright et al., 2003, Wright et al., 2004, Nagy et 

al., 2004). Dolomitization is though to have formed under shallow burial conditions via interaction 

with a low-temperature (c. 50-70°C) slightly modified seawater via convection, driven by an elevated 

geothermal gradient (Wright et al., 2003, Wright et al., 2004, Nagy et al., 2004, Nagy et al., 2005). 

Whilst the method of fluid migration via convection driven through an elevated geothermal gradient 

is the same as the Derbyshire Platform, the composition and temperatures of the fluids involved 

differ. On the Derbyshire Platform, the fluids are cooler (<50°C) and interacted with both meteoric 

water and degassing volcanics, recorded in the REE signature. However a similarity between these 

two models is that they impacted the positioning of later dolomitization and mineralization by 

impacting and redistributing porosity and permeability within the platform carbonates and along 
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faults (Wright et al., 2003, Wright et al., 2004, Nagy et al., 2004, Nagy et al., 2005, Johnson et al., 

2009).   

Whilst there appears to be a similarity between the dolomitization through convection of an altered 

seawater on the Irish Midlands and the Derbyshire Platform, the proximity and association with 

volcanic activity on the Derbyshire Platform makes this setting unique. Dolomitization formed in 

association with syn-rift to early post-rift igneous activity is rare, having been described in literature 

only in two other settings; On the Latemar platform (Triassic, Italy) (e.g. Zheng 1990; Carmichael and 

Ferry 2008; Blomme et al., 2017; Jacquemyn et al., 2017), and in the Levant region (Jurassic, Lebanon) 

(Nader, Swennen, and Ellam 2004). 

On the Latemar platform dolomitization was the product of seawater interaction with mafic dykes 

emplaced into the platform, resulting in dolostone halos (0.5 to 2.5m wide) formed around the dykes  

(e.g. Zheng 1990; Carmichael and Ferry 2008; Blomme et al., 2017; Jacquemyn et al., 2017). Seawater 

interacted with, and altered the dykes, producing a fluid enriched in Fe + Mg, which subsequently 

created favourable kinetic conditions for dolomitization local to dykes (Blomme et al., 2017).  

In the Levant region (Jurassic, Lebanon), hydrothermal dolomitization (TH 50-80°C) was associated 

with Late Jurassic volcanism which created a locally high geothermal gradient, optimizing the 

thermodynamic potential and facilitating dolomitization (Nader, Swennen, and Ellam 2004). This was 

further amplified by the increased permeability through fracture flow (Nader, Swennen, and Ellam 

2004). 

Both of these scenarios, and the model proposed here for the Derbyshire Platform invoke geothermal 

convection as the result of rift-associated volcanism. Fluids are seen to exploit the same fault system 

as the previously emplaced volcanics, and the resultant increased geothermal gradient local to the 

volcanics optimized the kinetics for dolomitization. In the Levant region, this increased geothermal 

gradient was enough to make dolomitization kinetically favourable (Nader, Swennen, and Ellam 

2004). However on the Latemar Platform (Blomme et al., 2017), and the Derbyshire Platform, 

interaction of these convecting fluids with the intrusive volcanics was key to facilitating 

dolomitization.  

What makes the Derbyshire Platform unique in comparison to the other two settings is the quantity 

of dolostone formed in association with volcanism (estimated at 9.60E+08 m3). This is most likely the 

result of widespread facies-controlled fluid convection on the platform margin, driven by the 

emplacement of sills during the early post-rift. As rift-related volcanism is described in various other 

rift settings (e.g. Hollis et al., 2017), this mechanism of dolomitization through volcanically-driven 
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geothermal convection, and most importantly, interaction of fluids with intrusive volcanics making 

dolomitization kinetically favourable, may provide a drive for dolomitization in other extensional 

basins. This in turn could explain anomalously large volumes of dolostone, where basin-derived fluids 

alone cannot supply sufficient Mg2+. 

4.8 Conclusions 

Dolomitization of the Derbyshire Platform is seen to be a multi-phase event, with the earliest 

dolostone phase, D1, accounting for approximately 50% of the total dolostone volume. This phase is 

stratabound and facies controlled, found within platform margin facies, and in association with the 

extrusive volcanics around the Masson Hill igneous centre. Dolomitization is fabric retentive and 

coarse crystalline, composed of buff-grey, clean planar-e crystals. It is cross-cut by stylolites, and 

primary fluid inclusions are predominantly monophase, indicating formation at <~300 m, burial and at 

temperatures <50°C.  

Geochemical evidence points towards dolomitization from a fluid with a mixed meteoric-seawater 

composition in the early post-rift phase, with fluid circulation controlled by NW-SE and E-W faults that 

were active during the syn-rift phase. The dolomitizing fluids interacted with early post-rift degassing 

intrusive volcanics. Alteration of these volcanics may have released minor amounts of magnesium 

which may have contributed to dolomitization. Precipitation of calcite within the lavas reduced their 

porosity, leading them to become barriers to later fluid flow during burial diagenesis in the late post-

rift phase and preserving this early formed dolostone.  

This previously undescribed form of dolomitization through mixed seawater-meteoric geothermal 

fluids that interacted with intrusive volcanics has the potential to remove some of the uncertainty as 

to the source of magnesium for dolostone bodies within rift basins, as it is often difficult to 

unequivocally identify the source of fluids and Mg2+ to explain the in-place volumes of fault-controlled 

dolomitization.   
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Chapter 5: Controls on the Localisation of late diagenetic fault/fracture controlled Dolomitization 
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5.1 Abstract 

The Derbyshire Platform is a Mississippian rimmed shelf, the westernmost expression of the East 

Midlands Platform.  On the SE platform margin, 60km2 of Visean limestones have been dolomitized, 

forming two major bodies along major NW ς SE trending basement lineaments and extrusive volcanic 

beds. The body on the southern margin on the Derbyshire Platform is one of several discrete, fault-

fracture controlled dolostone bodies that occur on Mississippian platform margins across the Pennine 

Basin and North Wales. Dolomitization is known to predate mineralisation but uncertainty lies as to 

why the dolomitization is localised. This study uses outcrop, petrography, geochemistry and isotopic 

analysis to better constrain the timing and mechanism for dolomitization on the southern margin of 

the Mississippian Derbyshire Platform.  Field relationships demonstrate fault-fracture controlled 

dolomitization is multi-phase (D2 ς D5) and constrained to fault damage zones of major strike-slip 

faults. Fluids for dolomitization were sourced from the surrounding basins, initiated after the main 

phase of porosity occluding calcite cementation on the Derbyshire Platform, and terminating prior to 

the main phase of mineralisation. Results from this study demonstrate that strike-slip crustal faults 

were reactivated during basin inversion at the onset of the Variscan Orogeny, leading to the 

localisation of the dolostone on the platform. Fluid supply was episodic, as these faults were 

reactivated through the ongoing compressive regime, leading to several discrete phases of 

dolomitization that became increasingly confined to fractures. Geochemical and isotopic analysis 

show that low fluid-rock ratios resulted in rock buffering of dolostone isotopic signatures. Timing of 

dolomitization is interpreted to be a Carboniferous event, with later mineralisation also being of late 

Carboniferous in age. This study demonstrates the complex interplay between basin kinematics, host 

rock permeability and timing of fluid supply through episodic fault reactivation, connecting platforms 

to basin compartments, which ultimately controlled the positioning of dolostone geobodies on 

platform margins. Dolomitization is seen to provide a record of fluid flow during the transition from 

thermal subsidence to post-rift basin inversion. This has implications to the exploration of both 
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minerals and hydrocarbon within dolostone hosts, and will inform studies of fluid transfer and 

reaction on carbonate platforms within the burial realm. 

5.2 Introduction 

In the Pennine Basin and North Wales, UK, fault-controlled dolostone bodies are developed on the 

margins of Mississippian carbonate platforms that grew on the rotated footwalls of normal faults and 

a basement of Lower Palaeozoic metasediments (Fig.1) (Schofield & Adams, 1986; Gawthorpe, 1987; 

Fowles, 1987; Ford, 2002; Hollis & Walkden, 2002; Bouch et al, 2004; Hollis & Walkden, 2012; Frazer 

et al, 2014; Frazer, 2014; Juerges et al, 2016). These bodies are associated with deep-seated 

Caledonian faults which were reactivated during carboniferous rifting and controlled the geometry of 

the platform margins. These dolostone geobodies have been well studied, but there are different 

mechanisms proposed for their formation, and there is still uncertainty as to the mass balance 

(Schofield & Adams, 1986; Gawthorpe, 1987; Fowles, 1987; Ford, 2002; Hollis & Walkden, 2002; 

Bouch et al, 2004; Hollis & Walkden, 2012; Frazer et al, 2014; Frazer, 2014; Juerges et al, 2016). 

Dolostone is also observed within basinal sediments (Gawthorpe, 1987) and within early rift 

sediments (Cope, 1973; Dunham, 1973; Chisolm & Butcher, 1981; Aitkenhead et al, 1985; Chisholm, 

et al, 1988). 

The Derbyshire platform hosts the largest volume of dolostone at ~50km2 (Ford, 2002) compared to 

~8km2 on the North Wales Platform (Juerges et al, 2016) and ~20km2 on the Askrigg Platform and 

Craven Basin (Hollis &  Walkden 2012). Despite its volume, however, there is still a lack of consensus 

as to the mechanism by which it formed.  Fowles (1987) proposed dolomitization by downward-

seeping brines in the Permo-Triassic whilst Ford (2002), Hollis and Walkden (2012) and Frazer et al 

(2014), proposed dolomitization, at least in part, from basinal brines expelled from juxtaposed 

hanging wall basins.  Similar models have been proposed for other platforms (Gawthorpe, 1987; 

Bouch et al, 2004; Juerges et al, 2016). In all cases, dolomitization appears to be associated with 

major basement fault zones.  

The anomalously large size of the dolostone geobody on the Derbyshire Platform is thought to be 

partly the result of an early post-rift phase of dolomitization through geothermal convection driven by 

active volcanism (Breislin et al, Chapter 4). Volcanism during rifting and early post-rift is only seen on 

the Derbyshire Platform (Macdonald et al., 1984). This early dolostone was facies controlled, and is 

concentrated at the platform margin and in association with intraformational volcanics (Breislin et al, 

Chapter 4). Cross-cutting relationships identify 4 later phases of fault-controlled dolomitization on the 

Derbyshire Platform (Breislin et al, Chapter 4). 
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Fig.1: Tectono-stratigraphy for the 
Mississippian of Southern Britain, 
after Fraser & Gawthorpe (2013); 
BH- Bowland High; BT- Bowland 
Trough; CLH- Central Lancashire 
High; DF- Dent Fault; DP- Derbyshire 
Platform; FHF- Flamborough Head 
Fault; GT- Gainsborough Trough; 
HdB- Huddersfield Basin; HB- 
Humber Basin; LDH- Lake District 
High; MCF- Morley-Campsall Fault; 
MH- Manx High; NCF- North Craven 
Fault; PF- Pennine Fault; SF- Stublick 
Fault; WG- Widmerpool Gulf. 
Approximate locations of dolostone 
bodies on the margins of carbonate 
platforms are indicated by the red 
arrows, with the yellow box 
highlighting the position of the 
Derbyshire Platform, the focus of this 
study. 

 

This paper examines the geometry of the dolostone body on the Derbyshire platform, the controls on 

its distribution, and assesses the field and petrographical evidence for the timing of fault-controlled, 

late post-rift burial dolomitization through a systematic field, borehole and petrographic analysis. 

Relationships of dolomitization to faults and fractures, as well as hydrocarbon charge and later MVT-

style mineralisation will be discussed.   

Through this study, an understanding of the impact of early formed dolostone on subsequent fault-

controlled dolomitization is assessed, as well as multi-phase dolomitization derived from evolving 

basinal fluids supplied to the platform as a result of an evolving stress field during basin burial and 

inversion.  

5.3 Geological Setting 

This paper focuses on the characterisation of a pervasively dolomitized area of Visean (Asbian and 

Brigantian) Limestone on the Southern margin of the Derbyshire Platform (Fig.2). Across the Pennine 

Basin, pre-existing Caledonian trending NE-SW, SW-NE faults were reactivated during the Visean 

resulting in structural differentiation with shallow water carbonate platform growth on footwall highs 

and deeper water carbonate and clastic sedimentation in hanging wall basins (Fraser & Gawthorpe, 

2003).  
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Fig.2: A) Geological map of the Derbyshire Platform. Sample localities, boreholes and mine/caves are 
identified on the map; Black circles represent localities, Grey squares represent boreholes and yellow 
stars represent mines/caves; B) Lithostratigraphy after Fraser and Gawthorpe (2003) with Visean 
lithology (EC2-EC6) and distribution of dolostone 

 
During the early Visean (Arundian), platform carbonates were deposited in a gently sloping carbonate 

ramp with varying water depths. Mud-mounds (knoll reefs) composed of microbial framework lime 

muds, formed in water depths up to 280m (Bridges & Chapman, 1988). This deeper water succession 

passes laterally and gradationally through the Holkarian into shallower water limestones, with the 

development of peritidal and restricted lagoonal environments forming the Woo Dale Limestone 

Formation (Schofield & Adams 1985). By Asbian times there was a clear differentiation between a 

shelf area, fringed by apron-reefs, and an off-shelf area where ramp carbonates are overlain by 

basinal deposits of the Craven Group. The shelf area includes the Asbian Bee Low Limestone 

Formation and the Brigantian Monsal Dale Limestone and Eyam Limestone formations (Fig.2). The 

boundary between the Asbian and overlying Brigantian limestones is marked by a karstic surface, 

identifiable across the platform (Walkden, 1990). As well as palaeosols, it can also contain ash and 

lava flows proximal to the igneous centres (Cecil & Garnett, 1923). In the off-shelf area, there is an 

Asbianς Brigantian succession of carbonate turbidites, which show an upward transition from 

limestone-dominated (Ecton Limestone Formation) passing up into deeper water mudstones with 

limestone and sandstone turbidites (Widmerpool Formation). Extension waned during the 
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Serpukhovian, leading to post-rift sag subsidence (Collinson 1988; Guion and Fielding 1988; Leeder, 

1988), and initiation of the Variscan Orogeny.  This resulted in basin-inversion by reactivation of NW-

SE trending strike-slip faults (Fraser & Gawthorpe, 2003). 

5.3.1 Burial History 

Burial history curves have been constructed for the Widmerpool basin based on vitrinite reflectance 

data and maturity parameters (Leeder & McMahon 1988; Coleman et al. 1989; Russell 1992). The 

Widmerpool Basin and Staffordshire Basin that surround the Derbyshire Platform reached maximum 

burial depths of approximately 3km in the Bashkerian-Moskovian, at a proposed geothermal gradient 

of 30~ km-1 (Coleman et al. 1989; Russell 1992) (Fig.3). This implies that the Serpukhovian-Bashkerian 

shales within these basins were only undergoing thermal decarboxylation and thermal maturation 

prior to and during maximum burial (Fig.3). 

Fig.3 Burial history of the Derbyshire Platform and surrounding basins, after Coleman et al. 1989. 

maximum burial depths of approximately 3km were reached in the Bashkerian-Moskovian 

5.3.2 Dolomitization 

Dolomitization on the Derbyshire platform occurs principally in two localities, within Asbian and 

Brigantian (Visean) limestone, forming non-stratabound sub-bodies bounded by NW-SE orientated 

crustal faults (Fig.2). In nearly all cases, dolomitization has a diffuse, irregular lower contact, which is 

rarely seen, approximately 40m (up to 130m) beneath the Asbian-Brigantian boundary and 

terminates on its upper surface against the Brigantian-Serpukhovian boundary (Ford, 2002). On the 

South East of the platform, dolomitization is associated with extrusive and intraformational volcanics, 

concentrated between the Upper and Lower Matlock lavas (Breislin et al, Chapter 4).  
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Table 1: 5 dolostone phases identified on the Derbyshire platforms and their structural relationships, 
from Breislin et al, Chapter 4 

Dolomitization on the Derbyshire pre-dates calcite-barite-galena-fluorite mineralization (Breislin et al, 

Chapter 4; Frazer, 2014). 5 discrete phases of dolomitization have been identified (Table 1) (Breislin et 

al, Chapter 4), with an early post-rift phase of dolomitization (D1), forming through geothermal 

convection of altered seawater driven by the active volcanism (Breislin et al, Chapter 4). The 

distribution of this dolostone was facies controlled, preferentially occurring within platform margin 

facies, forming halos along E-W orientated faults, and in proximity to volcanism in the Masson Hill 

volcanic centre (Breislin et al, Chapter 4). Later dolostone phases D2-D5 are invoked to occur during 

deep burial diagenesis, are the subject of this paper (Hollis & Walkden, 2012; Frazer, 2014; Breislin et 

al, Chapter 4).  

Another phase of dolomitization on the Derbyshire Platform is the Woo Dale Dolostones. The Woo 

Dale Dolostones occur in the lower part of the Woo Dale Limestone Formation and are laterally 

restricted (< 5 km2), outcropping exclusively within the Wye Valley inlier (Schofield & Adams, 1986). 

The dolomitized limestones occur as laterally continuous beds and irregular cross-cutting dolostone 

bodies. These may transition to dolostones either abruptly at bedding planes or gradationally, as 

dolomite rhombs coalesce into mosaics (Schofield & Adams, 1986). Dolostone beds vary in structure 

from massive, rubbly or finely bedded, though internal sedimentary structures and fossils are absent 

(Schofield & Adams, 1986) and consist of tight-interlocking dolomite crystals of <0.5mm. Correlation 

was conducted with a nearby borehole, indicating that dolostones also become more abundant with 

depth (Schofield & Adams, 1986). 

Early models suggested penecontemporaneous dolomitization (Ford, 1977) related to deposition 

within a hypersaline lagoon (Llewelyn & Stabbins, 1970). A later interpretation by Schofield & Adams 

(1986) suggests a two-stage, two-fluid-chemistry dolomitization model: Stage 1 dolostones 

precipitated from fluids poor in iron and manganese, sourced from basinal shales bounding the 

Derbyshire Platform. The fluid drive proposed is derived from Basinal-shale compaction, supported by 

the outcrop location near to the platform margin. Stage two occurs by interaction with fluids enriched 
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with iron and manganese, suggesting a different fluid source or an evolved Basin fluid. Volcanic rock 

interaction may have also enriched these elements.   

5.3.3 Hydrocarbons & Mineralisation 

Only minor quantities of hydrocarbon were identified in the field area, with hydrocarbon inclusions 

are common within calcite cements as well as bitumen (Hollis, 1998). Fractures hosting fluorite, 

barite, calcite and galena mineralisation (MVT-style mineralisation) are seen to cross-cut and post-

date dolomitization (Ford, 2001; Breislin et al, Chapter 4). Mineralisation is concentrated at the top of 

the limestones stratigraphically, as well as at the boundary between dolostone and limestone (Ford, 

2001).  

5.3.4 Diagenetic Framework 

The Visean succession of the Derbyshire Platform displays a complex, but well-constrained diagenetic 

history, from syn-sedimentary to late-burial cementation (Gutteridge, 1987, 1991; Walkden & 

Williams, 1991; Hollis, 1998; Hollis & Walkden, 2002). Four major phases of calcite cementation 

(Zones 1-4) have been described by Walkden and Williams, (1991), which precipitated within 

carbonate pore spaces and fractures. Zones 1 and 2 are the result of meteoric phreatic diagenesis, 

Zone 3 is the major pore filling phase, volumetrically and is interpreted to have precipitated in the 

shallow burial realm from fluids which were driven down depositional dip by topographic flow 

(Walkden and Williams, 1991). Zone 4 cements are the final pore filling phase and have been 

subdivided into a number of subtypes within fractures (Hollis, 1998; Hollis & Walkden, 1996 & 2002). 

These Zone 4 cements are interpreted to have co-precipitated with fluorite, sulphates and sulphides 

that are mined within the region and hydrocarbon (Hollis and Walkden, 2002). These Zone 3 and 4 

cements were further subdivided into six cement zones by Hollis (1998), as seen in table 2. 

Zone 3A-4D cements most commonly occur as vein cements within fault zones and fracture systems 

on predominantly extensional NE-SW and NW-SE trends. These cements are commonly cross-cut by 

stylolites, suggesting that pressure dissolution proceeded throughout burial cementation (Hollis & 

Walkden, 1996 & 2002). Fluorite and baryte intergrowths occur in zones 3B ς 4B, they are also 

associated with liquid hydrocarbon and solid bitumen deposits with abundant hydrocarbon inclusions 

(Hollis & Walkden, 1996 & 2002). 
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Table 2: Subdivisions of calcite cement zones as described by Hollis (1998). 

From Zone 3C onwards intergrowths of ore minerals galena and sphalerite occur. Fluid inclusion 

homogenisation temperatures can be seen to generally increase through the cements succession to a 

maximum of 176°C in Zone 4B (Hollis & Walkden, 1996 & 2002). The lowest homogenisation 

temperatures measured occurred at the platform centre, with highest temperatures measured at 

marginal locations as well as a wider range in temperatures (Hollis & Walkden, 1996 & 2002). No such 

systematic pattern is identified within stable isotopes through time, however they vary spatially, with 

ǘƘŜ Ƴƻǎǘ ŘŜǇƭŜǘŜŘ Ҝ18h ŀƴŘ Ҝ13C deposited in Zone 3B cements on the platform and western margin. 

¢ƘŜ Ƴƻǎǘ ŜƴǊƛŎƘŜŘ Ҝ18h ŀƴŘ Ҝ13C values occur in the Zone 4A of the southern margin and the Zone 3B 

of the platform centre (Hollis & Walkden, 1996 & 2002). 

5.4 Methods 

34 outcrops and 13 bore holes within the Asbian to Brigantian succession of the Derbyshire Platform 

were investigated by sedimentological logging of outcrops and core, with detailed petrographic 

analysis of thin sections. Each locality was sampled systematically to cover the stratigraphy and range 

of lithofacies. The core was logged for macroscopically visible textural (grainsize), compositional 

changes, sedimentary features, skeletal content and diagenetic features. A total of 118 polished thin 

sections were prepared from resin-impregnated subsamples. Cross sections (Fig.2) were constructed 

using borehole data from the British Geological Survey and the Groundhog software suite. 

All thin sections were examined using optical transmitted light and cathodoluminescence (CL) 

microscopy. All thin sections were scanned using an EPSON Perfection V600 Photo at 2400dpi 

resolution. Optical microscopy was undertaken using a Nikon Eclipse LV100NPOL microscope fitted 

with a Nikon DS-Cƛн ŎŀƳŜǊŀΦ /[ ƻōǎŜǊǾŀǘƛƻƴǎ ǿŜǊŜ ƳŀŘŜ ǳǎƛƴƎ ŀ /L¢[ //[ унлл aƪо ΨŎƻƭŘΩ ƻǇƛŎŀƭ 

Calcite Cement Luminescence 103
d

13CVPDB 103
d

18OVPDB

Homogenisation 

Temperature (°C) Fluid Salinity

d18Owater 

ό҉ύ

Zone 1 Non-luminescent ςоΦп ǘƻ ςмΦтςфΦс ǘƻ ςсΦу - - -

Zone 2 Bright - - - - -

Zone 3A Dull Brown 2.3 (0.7 to 3.70) ςмлΦо όςмнΦо ǘƻ ςтΦслύ 57.3 (35.6 to 80.6) 5.8 (0.75 to 13) ςнΦо 

Zone 3B Dull Brown мΦм όςоΦл ǘƻ пΦмύςуΦф όςмпΦл ǘƻ ςпΦуύ 106 (82.2 to 125) 4.4 (0.17 to 18.1) 6

Zone 4A Dull Orange лΦп όςнΦл ǘƻ оΦтύςсΦм όςрΦу ǘƻ ςнΦтлύ   136 (124 to 153) 16.4 (14.3 to 17.4) 11

Zone 4B
Dull Brown-Orange, 

Concentric Zonation
2.0 (0.3 to 3.3) ςуΦр όςфΦф ǘƻ ςрΦулύ  176 (148 to 200) 7.7 (0.16 to 22.2) 11.5

Zone 4C Bright Orange 2.3 (0.7 to 2.9) ςтΦр όςфΦр ǘƻ ςсΦнлύ 168 (117 to 207) 9.4 (0.66 to 23.1) 12

Zone 4D Bright Orange мΦм όςлΦт ǘƻ нΦуύςтΦр όςтΦу ǘƻ ςсΦрύ - - -

CL 

Non-CL 
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cathodoluminescence system, coupled with a Progress C10 Laser Optik digital photographic system. 

Operating conditions for CL were set to 10 kV and 300µA at a pressure of c. 0.2torr and maintained by 

microcomputer control. 

XRD was conducted on powdered samples, acquired using a precision drill for analysis. These were 

then prepared following the methodology of (Charlier et al., 2006). The analysis was carried out using 

a Bruker D8 Advance diffractometer within the University of Manchester. A tube voltage of 40 kV and 

a tube current of 40 mA, with a step size of 0.02º and time constant of 2.00 s was employed, using 

copper k alpha 1 radiation. Semi-quantitative estimations of bulk mineralogy fractions were carried 

out using peak area measurements (sensu Schultz, 1964). 

ICP-MS analysis was conducted on powdered samples of host-rock limestone, bulk dolostone and 

individual cement zones. These were digested in 2ml of 20% HCl before dilution to 2% HCl. In 

addition, two blank samples were prepared in the same way for reproducibility. Corresponding 

samples were drilled from hand specimens and their purity checked where necessary by XRD 

ǘŜŎƘƴƛǉǳŜǎΦ w99Ω{ ŀƴŘ ¸ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ L/t-MS with an Agilent 7500cx mass 

spectrometer. Samples were run against internaƭ ǎǘŀƴŘŀǊŘǎ ŀƴŘ ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻŦ лΦм҉ όмˋύΦ !ƭƭ 

samples are reported in mg/l or ug/l (ppm or ppb). All REE results have been PAAS normalised 

following the methods of Nance & Taylor (1976). 

Porosity measurements were made using a ResLabTM DHP-100 Digital Helium Porosimeter. Core plugs 

ǿŜǊŜ мΦлΩΩ ƛƴ ŘƛŀƳŜǘŜǊ ŀƴŘ ǊŀƴƎŜŘ ŦǊƻƳ нΦрΩΩ ǘƻ пΩΩ ƛƴ ƭŜƴƎǘƘΦ {ǘŜŜƭ ŎŀƭƛōǊŀǘƛƻƴ ŘƛǎŎǎ ƻŦ ǾŀǊƛƻǳǎ ƭŜƴƎǘƘǎ 

were used in different combinations to produce a linear regression analysis in order to assess the 

pressure ratio at different volumes. Permeability measurements were made using a ResLabTM DGP-

200 Digital Gas Permeameter. This system has a permeability range of 0.1 mD ς 10D and was used to 

measure single point gas permeability. Nitrogen gas inflow is controlled by either a needle valve or by-

pass valve dependent on the permeability of the samples (Taylor, 2013). 

Stable isotope analysis was conducted on powdered samples of dolostone, limestone, brachiopods 

and discrete cement phases, acquired using a tungsten-tipped dentist drill. Samples of calcite were 

reacted (to completion) with phosphoric acid under vacuum, at temperatures of 25oC (sensu McCrea, 

1950). Gases were measured by dual-inlet, stable isotope ratio mass spectrometry using a VG SIRA10 

mass spectrometer. Isotope ratios were corrected for 17O effects following the procedures of Craig 

(1957). Oxygen isotope data were adjusted for isotopic fractionation associated with the calcite-

ǇƘƻǎǇƘƻǊƛŎ ŀŎƛŘ ǊŜŀŎǘƛƻƴ ǳǎƛƴƎ ŀ ŦǊŀŎǘƛƻƴŀǘƛƻƴ ŦŀŎǘƻǊ όˋύ ƻŦ мΦлмлнр όCǊƛŜŘƳŀƴ ϧ hΩbŜƛƭΣ 1977). 

{ŀƳǇƭŜǎ ǿŜǊŜ Ǌǳƴ ŀƎŀƛƴǎǘ ŀƴ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘ ŀƴŘ ŀƭƭ ǊŜǎǳƭǘǎ ǿŜǊŜ ǊŜǇǊƻŘǳŎƛōƭŜ ǘƻ ҕлΦм҉ όнˋύΦ !ƭƭ 

data is reported relative to the VPDB standard. 
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Strontium isotopic analysis was conducted on powdered whole rock and discrete dolostone cements 

obtained using a tungsten-tipped micro-mill following the methodology of Charlier et al. (2006) and 

Pollington & Baxter (2011). Sample purity was checked where necessary by XRD. Sr (Oak Ridge 84Sr, 

1.1593ppm) and Rb spikes were added to each sample to boost the signal. Strontium was extracted 

from the rock powders for isotopic analysis using Sr Spec extraction chromatographic resin. Column 

preparation and chemical separation were conducted following the methodology of Deniel & Pin 

(2001) and Charlier et al. (2006). Prior to analysis the Sr samples were mixed with Tantalum (Ta) 

emitter solution, loaded on to single Rhenium (Re) filaments and subjected to a 2A current. Sr isotope 

ratios were measured on the British Geological Survey (NIGL) Thermo-Finnigan Triton TIMS 

instrument in static collection mode. An internal NBS 987 standard was used for calibration with a 

ǊŜǇǊƻŘǳŎƛōƛƭƛǘȅ ƻŦ ҌлΦм҈л όнˋύΦ 5ǳǊƛƴƎ ¢La{ ŀƴŀƭȅǎƛǎ ǎǇƛƪŜŘ ǎŀƳǇƭŜǎ ŀǊŜ Ǌǳƴ ƛƴ ǘƘŜ ǎŀƳŜ ŦŀǎƘƛƻƴ ŀǎ 

unspiked samples. However, the results of spiked samples needed to be corrected, off-line, for spike 

contribution using standard techniques. All results are reported to the NBS 987 standard. 

Fluid inclusion microthermometry was carried out on selected dolomite and calcite specimens, 

extending the initial calcite cement data set for the Derbyshire Platform collected by Hollis & Walkden 

(2012). Analysis was conducted on a Linkham TH600 heating-freezing stage, controlled by Linksys32 

software and a Linkam TP93 programmer. {ŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŀǎ мрл ˃Ƴ ŘƻǳōƭŜ-polished wafers. 

Care was taken to analyse primary or pseudo-secondary inclusions based on careful petrography, 

including distribution within crystals and consistent size and liquid: vapour ratios (Goldstein & 

Reynolds, 1994). Homogenization temperatures (Th) and last ice melting temperatures (Tm) are 

reproducible to ±2°C and ±0.2°C, respectively. No pressure corrections were made to Th data, 

because it was not possible to unambiguously determine burial depth at the time(s) of precipitation. 

5.5 Results 

5.5.1 Distribution of Dolostone: Structural and Stratigraphic Relations 

The size and volume of the dolomitized limestone was investigated through field mapping and core 

logging. On a regional scale, dolomitization occurs principally in two localities within Asbian and 

Brigantian limestone, forming two non-stratabound sub-bodies (Fig.4). Three main facies types are 

seen to be dolomitized; grainstones and packstones within platform margin facies, wackestones and 

mudstones within platform interior facies, and mixed carbonate/siliciclastic within the slope-facies. 
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Fig.4 Distribution of dolostone 

on the southern margin of the 

Derbyshire platform, 

highlighting facies distribution 

and dolostone phases. Line of 

cross-section A-B. Vertical 

exaggeration on cross section 

x4 

 

 

 

 

 

 

The Southern geobody is located on the platform margin. This dolostone body is formed from the 

early post-rift phase of dolomitization, D1 (Breislin et al., Chapter 4) (Fig.4). Patches of dolostone 

within the carbonate dominated slope are noted on the geological map, however no large geobody is 

formed there. Dolomitized grainstones and packstones are located on the southern margin of the 

platform and around the Matlock Bath area (Fig.4). Dolomitization is pervasive and fabric destructive, 

with a coarse sucrosic and buff-yellow colour.  Where dolomitization is incomplete, the micritic matrix 

is preferentially replaced, with larger calcite allochems remaining mostly unaltered (Fig.6). Dolostone 

fronts within platform margin facies are diffuse (Fig.6), with patchy dolomitization occurring up to 3m 

away from the main dolostone geobody. 

The Northern geobody is located within the platform interior, approximately 2km north of the 

southern platform margin, and bound by the NW-SE trending Cronkston-Bonsall Fault. This large fault 

is approximately 20km in length, is slightly sinuous, and is sometimes compound, with multiple 

parallel fractures forming a damage zone around the fault which ranges in thickness from 200m wide 

in the North West , to over 3km wide in the South East. Dolostone is closely associated with the fault 

in the North West, forming a halo up to 200m thick on the downthrow side, within the fault damage 

A 
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zone (Fig.5). In the East, towards Matlock, the dolostone body extends further away from this major 

crustal fault underneath the Late Carboniferous cover (Fig.4). At the Western termination of the 

dolostone body, at Parsley Hay, the fault-controlled nature of this geobody becomes clear. Dolostone 

is observed forming halos along NW-SE and NS-EW orientated faults within the Bee Low limestone. 

These faults form the fracture halo to the Cronkston-Bonsall fault, and extend approximately 100m 

away from the main fault. Dolomitization is facies controlled, with more extensive dolomitization 

observed within clay-poor facies. Dolostone halos within the clay-rich limestone are less extensive, 

and are often seen to expand underneath bedding horizons (Fig.5). Within the clay poor facies, the 

dolostone extends out within the bedding. All of the dolostone shows extensive fracturing. Later 

mineralisation is observed along the same faults as the dolostone, forming within cavities and 

associated with extensive dedolomitization (Fig.5).  

 

Fig.5 Dolostone front at the Eastern termination of the Northern dolostone geobody at Parsley Hay: 

Dolostone front displaying fracture-controlled dolomitization & facies control on distribution. Low clay 

facies preferentially dolomitized, with Y-shaped structures possibly indicating fluid direction 

Dolostone reaction fronts in the West of this geobody are sharp, formed within platform interior 

facies, whilst in the East, dolostone fronts become more diffuse within the platform margin facies in 

Matlock. The limestones dolomitized are composed of Asbian and Brigantian, fine grained 

wackestones and mudstones.  


























































































































































































































